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Abstract
The narrow, neutral Fe Kα fluorescence emission line in X-ray binaries (XRBs) is a powerful probe of the ge-
ometry, kinematics and Fe abundance of matter around the accretion flow. In a recent study it has been claimed,
using Chandra High-Energy Transmission Grating (HETG) spectra for a sample of XRBs, that the circumnu-
clear material is consistent with a solar-abundance, uniform, spherical distribution. It was also claimed that
the Fe Kα line was unresolved in all cases by the HETG. However, these conclusions were based on ad hoc
models that did not attempt to relate the global column density to the Fe Kα line emission. We revisit the
sample and test a self-consistent model of a uniform, spherical X-ray reprocessor against HETG spectra from
56 observations of 14 Galactic XRBs. We find that the model is ruled out in 13/14 sources because a vari-
able Fe abundance is required. In 2 sources a spherical distribution is viable but with non-solar Fe abundance.
We also applied a solar-abundance Compton-thick reflection model, which can account for the spectra that
are inconsistent with a spherical model, but spectra with a broader bandpass are required to better constrain
model parameters. We also robustly measured the velocity width of the Fe Kα line and found full width half
maximum values up to ∼ 5000 km s−1. Only in some spectra was the Fe Kα line unresolved by the HETG.
Key words: stars: binaries: individual: 4U1700−37, 4U1822−371, 4U1908+075, Cen X−3, Cir X−1,
Cyg X−1, Cyg X−3, γ Cas, GX 301−2, GX 1+4, Her X−1, LMC X−4, OAO 1657−415, Vela X−1 —
X-rays: binaries — stars: circumstellar matter — radiation mechanisms: general — scattering
1. Introduction
Galactic1 X-ray binaries (XRBs) that exhibit absorption
and fluorescent line emission in their X-ray spectra present
a powerful means of studying the matter around the accre-
tion flow. XRBs consist of a compact object, either neutron
star or black hole, and a donor star. The type of donor speci-
fies the general XRB classification. XRBs with massive (e.g.
OB-type) donors are known as high-mass XRBs (HMXBs);
low-mass donors are found in low-mass XRBs (LMXBs).
HMXBs usually show prominent stellar wind accretion, giv-
ing rise to the absorbing and line-emitting matter. In contrast,
in LMXBs accretion is usually via Roche Lobe overflow.
In this paper, we revisit 14 Galactic XRBs that have been
observed with Chandra, namely 4U1700−37, 4U1822−371,
4U1908+075, Cen X−3, Cir X−1, Cyg X−1, Cyg X−3,
γ Cas, GX 301−2, GX 1+4, Her X−1, LMC X−4,
OAO 1657−415 and Vela X−1.
Regardless of the details of the accretion process, both
XRB types are known to often exhibit fluorescent emission
due to neutral and low ionization iron (Gottwald et al. 1995).
Fe atoms can exhibit X-ray fluorescence via absorption of
1 Although extragalactic XRBs have also been detected with Chandra, their
distance precludes any high-resolution spectral analysis.
energetic X-ray photons that remove K-shell electrons. The
latter are replaced by upper level electrons, that in the process
emit fluorescent lines at∼ 6.4 keV (Fe Kα ,∼ 1.94 A˚, L→K
electronic transition) and ∼ 7.058 keV (Fe Kβ ,∼ 1.75 A˚,
M→ K transition).
The Fe Kα line may have two components, namely
a broad, relativistic component with full-width at half-
maximum (FWHM) that can exceed a keV (e.g., see the
reviews by Miller 2007; Reynolds 2014, 2016, and refer-
ences therein) and a narrow one with FWHM of up to several
tens of eV (< 2000 km s−1). The broad Fe Kα line profile
probes the innermost regions of the putative accretion disk
in the vicinity of the compact object due to the imprints of
characteristic gravitational and Doppler energy shifts. On
the other hand, the narrow Fe Kα line probes the geometry,
dynamics, and element abundances of material surrounding
the accretion flow that is much further from the compact
object than the material shaping the broad line. In addition
to providing access to this circumnuclear matter, it is neces-
sary to model the narrow Fe Kα line with the best available
spectral resolution in order to correctly model the broad Fe
Kα line since the features are convolved together when both
lines are present. However, the narrow Fe Kα line is too
narrow to study with X-ray CCDs (which typically have a
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spectral resolution of FWHM ∼ 7000 km s−1 at the Fe Kα
line energy), and is currently best-studied with the Chan-
dra high-energy transmission grating spectrometer (HETGS,
Canizares et al. 2005, no narrow Fe Kα line in an X-ray bi-
nary was observed with the SXS calorimeter aboard Hitomi).
The Chandra HETGS provides a spectral resolution at the Fe
Kα line energy of 0.012 and 0.023A˚, FWHM, for the high-
and medium-energy grating, HEG and MEG, respectively.
This is equivalent to ∼ 1800 and ∼ 3600 km s−1 for the
HEG and MEG, respectively. In the present paper we are
concerned with the narrow Fe Kα line. Hereafter, the term
“Fe Kα line” will refer to the narrow line, unless otherwise
stated. This emission line originates in neutral matter, indi-
cated by its centroid energy being consistent with 6.4 keV.
Although in some observations of some XRBs, narrow emis-
sion lines appear at higher energies originating in ionized Fe,
the focus of the present paper is on the Fe Kα line from the
neutral matter distribution, which must be distinct from the
region producing ionized lines.
The small effective area of the Chandra HETG in the Fe
K band compared to CCD detectors makes it unsuitable to
study the relativistically broadened Fe Kα lines reported in
the literature for some of the sources in our sample (details
can be found in Appendix A). The low contrast of such broad
lines against the continuum, combined with limited signal-to-
noise ratio render HETG spectral fits insensitive to modeling
the broad lines. On the other hand, the high spectral resolu-
tion of the HETG data means that narrow Fe Kα lines present
a higher contrast against the continuum. Thus, narrow lines
that are comparable to, or narrower than, the spectral res-
olution are well-suited for studying with the HETG. More-
over, model-fitting results for the narrow lines are typically
not sensitive to the presence or absence of a relativistically
broadened line.
The only comprehensive study of the narrow Fe Kα emis-
sion in XRBs using the Chandra HETGS is by Torrejo´n et al.
(2010, hereafter, T10), who presented the analysis of 41 XRB
Chandra HETG spectra (10 HMXBs and 31 LMXBs), de-
tecting Fe Kα emission in all HMXBs and 4 LMXBs. Some
sources in the study had multiple observations. The authors
concluded that for all the observations of all of the sources,
the Fe Kα emission line (when detected) is produced in a uni-
form spherical distribution of matter, with solar abundance.
Moreover, T10 concluded that in all sources the Fe Kα emis-
sion line (when detected) was unresolved by the Chandra
HEG. If true, such robust and sweeping conclusions about
XRBs in general would have far-reaching implications in
terms of the physical conditions, geometry, and dynamics of
the circumnuclear matter if alternative scenarios are strongly
ruled out. However, the conclusions concerning the spherical
geometry and the solar element abundances were based on
ad hoc modeling of the X-ray spectra using a simple Gaus-
sian model for the Fe Kα emission line. No attempt was
made to model the Compton-scattered (reflection) continuum
that would be associated with the line-emitting material, and
therefore the flux of the Fe Kα emission line was a free pa-
rameter, yet in reality it should be determined by the physi-
cal properties of the material, as is the shape and magnitude
of the reflection continuum. Based on the ad hoc modeling,
T10 simply showed that the equivalent width (EW) of the
Fe Kα emission line and the fitted line-of-sight (l.o.s.) col-
umn density (the modeling of which also ignored Compton
scattering), were consistent with a simple analytical model
of a uniform spherical matter distribution. However, the an-
alytical calculation was strictly based on the assumption that
the radial column density was optically-thin at the Fe Kα
line energy and did not account for radiative transfer effects
in material out of the line-of-sight. Departures from the as-
sumptions in the analytic formulation can lead to significant
errors in the predicted Fe Kα line flux and EW, especially
since the l.o.s. column density may be different to the global
column density in some geometries (e.g. Yaqoob et al. 2010).
The goal of the present paper is to take the sources in the
T10 study in which a Fe Kα line was detected and to test
whether the Chandra HETGS observations are truly consis-
tent with a uniform, solar-abundance, spherical distribution
of matter by applying a physically self-consistent model of
the Fe Kα line emission, continuum absorption, and Comp-
ton scattering. Whereas T10 stated that the Fe Kα lines were
unresolved by HETGS, without providing case-by-case up-
per limits on the line widths, we provide explicit measure-
ments or upper limits on the Fe Kα line FWHM for spectra
that have a sufficiently high signal-to-noise ratio to constrain
the line width. We find that the spherical X-ray reprocessor
model with solar abundance does not in fact provide an ac-
ceptable description of the spectra for many of the sources,
and when it does, it is not a unique interpretation of the data.
Therefore, for each data set we also give the results of apply-
ing a self-consistent toroidal model of the X-ray reprocessor,
although, as will be explained later, the reprocessor geometry
is not necessarily toroidal.
The use of such self-consistent physical models is com-
pletely lacking in the literature of XRBs, with the notable
exception of Motta et al. (2017), who apply the MYTORUS
model to the X-ray spectra of V404 Cygni. As these authors
state, the use of such a model is not restricted to any spe-
cific size scale, and can thus be applied to any axisymmetric
distribution of matter centrally illuminated by X-rays.
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Table 1. Chandra/HETG Galactic XRB sample
Source obs. Type Date/Time Exposure Fitting Count Rate NgalH ∆C
Time Band (2.0−8.0 keV) BN11 MYTORUS
(ks) (keV) (s−1) (1021 cm−2)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
4U1700−37 657 A HMXB/NS? 2000-08-22T11:35:29 42.4 2.4−8.0 1.5927±0.0061 5.74 462.52
4U1822−3711 671 A LMXB/NS 2000-08-23T16:20:37 39.4 2.4−8.0 1.5985±0.0064 1.04 89.86
4U1822−3711 9076 B LMXB/NS 2008-05-20T22:46:21 62.2 2.4−8.0 1.5271±0.0050 1.04 83.86
4U1822−3711 9858 C LMXB/NS 2008-05-23T13:14:05 80.3 2.4−8.0 1.5574±0.0044 1.04 157.30
4U1908+0752 5476 A HMXB/NS 2005-06-27T18:24:12 18.7 2.4−8.0 0.5585±0.0055 12.1 85.57
4U1908+0752 5477 B HMXB/NS 2005-11-26T12:28:41 49.0 2.4−8.0 0.1074±0.0015 12.1 22.83
4U1908+0752 6336 C HMXB/NS 2005-07-11T10:53:57 31.4 2.4−8.0 0.2419±0.0028 12.1 35.03
Cen X−3 1943 A HMXB/NS 2000-12-30T00:13:30 45.3 2.4−8.0 17.4900±0.0196 9.95 292.35
Cen X−3 705 B HMXB/NS 2000-03-05T08:10:14 39.2 2.4−8.0 0.4137±0.0032 9.95 48.25
Cen X−3 7511 C HMXB/NS 2007-09-12T11:07:00 39.4 2.4−8.0 3.3428±0.0092 9.95 513.38
Cir X−1 12235 A LMXB/NS 2010-07-04T05:05:10 19.4 2.4−8.0 0.5238±0.0052 15.9 1.16
Cir X−1 1905 B LMXB/NS 2001-08-01T09:28:05 7.9 2.4−8.0 53.7788±0.0825 15.9 0.00
Cir X−1 1906 C LMXB/NS 2001-08-05T17:33:09 7.9 2.4−8.0 51.4620±0.0808 15.9 0.00
Cir X−1 1907 D LMXB/NS 2001-08-09T14:28:36 8.0 2.4−8.0 38.0570±0.0691 15.9 1.62
Cir X−1 8993 G LMXB/NS 2008-07-16T07:59:00 32.7 2.4−8.0 0.0538±0.0013 15.9 5.18
Cyg X−1 11044 A HMXB/BH 2010-01-14T02:49:28 29.4 2.4−8.0 20.6219±0.0265 0.001 f 0.001 f 37.58
Cyg X−1 12313 B HMXB/BH 2010-07-22T16:22:27 2.1 2.4−8.0 65.5693±0.1748 0.001 f . . . 0.15
Cyg X−1 12314 C HMXB/BH 2010-07-24T17:21:43 0.9 2.4−8.0 47.3176±0.2296 0.001 f . . . 0.76
Cyg X−1 12472 D HMXB/BH 2011-01-06T13:47:10 3.3 2.4−8.0 61.9591±0.1369 0.001 f . . . 6.09
Cyg X−1 13219 E HMXB/BH 2011-02-05T06:35:01 4.4 2.4−8.0 56.9174±0.1135 0.001 f . . . 2.59
Cyg X−1 1511 F HMXB/BH 2000-01-12T08:15:16 12.6 2.4−8.0 22.1196±0.0419 0.001 f 0.001 f 8.26
Cyg X−1 2415 G HMXB/BH 2001-01-04T06:03:47 30.0 2.4−8.0 28.8914±0.0310 0.001 f 0.001 f 27.17
Cyg X−1 2741 H HMXB/BH 2002-01-28T05:34:31 1.9 2.4−8.0 62.7450±0.1824 0.001 f . . . 1.01
Cyg X−1 2742 I HMXB/BH 2002-01-30T01:23:31 1.9 2.4−8.0 65.1236±0.1865 0.001 f . . . 0.23
Cyg X−1 2743 J HMXB/BH 2002-04-13T20:53:02 2.4 2.4−8.0 36.4287±0.1226 7.210 f . . . 2.28
Cyg X−1 3407 K HMXB/BH 2001-10-28T16:14:56 16.1 2.4−8.0 45.6119±0.0533 0.001 f 0.001 f 8.70
Cyg X−1 3814 M HMXB/BH 2003-04-19T16:47:31 47.2 2.4−8.0 17.5420±0.0193 0.001 f 0.001 f 59.70
Cyg X−1 8525 N HMXB/BH 2008-04-18T18:09:48 29.4 2.4−8.0 16.9730±0.0240 0.001 f 0.001 f 24.71
Cyg X−1 9847 O HMXB/BH 2008-04-19T14:44:56 18.9 2.4−8.0 21.4173±0.0337 0.001 f 0.001 f 29.63
Cyg X−1 3815 P HMXB/BH 2003-03-04T15:46:06 57.0 2.4−8.0 36.1843±0.0255 0.001 f 0.001 f 117.62
Cyg X−3 101 A HMXB/? 1999-10-19T23:52:10 1.9 2.4−8.0 8.4046±0.0657 11.7 22.80
γ Cas 1895 A HMXB/NS 2001-08-10T09:21:57 51.2 2.4−8.0 0.5643±0.0033 4.12 20.92
GX 301−23 2733 B HMXB/NS 2002-01-13T09:00:24 39.2 2.4−8.0 1.1393±0.0054 13.0 16006.26
GX 301−23 3433 C HMXB/NS 2002-02-03T12:34:10 59.0 2.4−8.0 2.2827±0.0062 13.0 3975.42
GX 1+4 2710 A LMXB/NS 2002-08-05T21:34:10 56.6 2.4−8.0 0.4505±0.0028 3.07 126.19
GX 1+4 2744 B LMXB/NS 2002-04-26T23:01:38 20.3 2.4−8.0 1.6385±0.0090 3.07 1028.75
Her X−1 2703 A LMXB/NS 2002-06-29T03:00:01 9.1 2.4−8.0 0.4268±0.0068 0.169 f 0.001 f 67.77
Her X−1 2704 B LMXB/NS 2002-07-05T17:45:04 18.7 2.4−8.0 5.5899±0.0173 0.001 f 0.001 f 37.32
Her X−1 2705 C LMXB/NS 2002-07-18T15:26:29 19.0 2.4−8.0 0.1226±0.0025 0.001 f 0.001 f 18.12
Her X−1 2749 D LMXB/NS 2002-05-05T10:15:53 49.4 2.4−8.0 0.1102±0.0015 0.001 f 0.001 f 589.35
Her X−1 3821 E LMXB/NS 2003-08-24T21:16:19 29.6 2.4−8.0 0.3712±0.0035 0.001 f 0.001 f 162.70
Her X−1 3822 F LMXB/NS 2003-12-09T23:42:48 29.7 2.4−8.0 0.3707±0.0035 0.001 f 0.001 f 217.72
Her X−1 4375 G LMXB/NS 2002-11-03T07:07:34 20.3 2.4−8.0 1.7699±0.0093 0.169 f 0.001 f 67.90
Her X−1 4585 H LMXB/NS 2004-11-26T06:09:20 19.8 2.4−8.0 0.8919±0.0067 0.169 43.36
Her X−1 6149 I LMXB/NS 2004-11-29T15:07:41 21.8 2.4−8.0 1.2689±0.0076 0.169 77.65
Her X−1 6150 J LMXB/NS 2004-12-01T08:53:43 21.7 2.4−8.0 0.3133±0.0038 0.001 f 0.001 f 94.77
LMC X−4 9571 A HMXB/NS 2007-09-01T16:19:49 46.5 2.4−8.0 0.2181±0.0022 1.17 29.16
LMC X−4 9573 B HMXB/NS 2007-08-30T01:53:25 50.3 2.4−8.0 0.0106±0.0005 1.17 56.56
LMC X−4 9574 C HMXB/NS 2007-08-31T10:50:21 43.5 2.4−8.0 0.0225±0.0007 1.17 41.70
OAO 1657−415 12460 A HMXB/NS 2011-05-17T13:29:11 48.9 2.4−8.0 0.0397±0.0009 15.0 2395.52
OAO 1657−415 1947 B HMXB/NS 2001-02-10T19:12:29 5.1 2.4−8.0 0.2573±0.0071 15.0 42.86
Vela X−1 102 A HMXB/NS 2000-04-13T09:57:52 28.0 2.4−8.0 0.0350±0.0011 4.14 154.90
Vela X−1 14654 B HMXB/NS 2013-07-30T16:54:07 45.9 2.4−8.0 1.8966±0.0064 4.14 393.02
Vela X−1 1926 C HMXB/NS 2001-02-11T21:20:17 83.1 2.4−8.0 0.0343±0.0006 4.14 789.41
Vela X−1 1927 D HMXB/NS 2001-02-07T09:57:17 29.4 2.4−8.0 3.5611±0.0110 4.14 1794.20
Vela X−1 1928 E HMXB/NS 2001-02-05T05:29:55 29.6 2.4−8.0 8.2778±0.0167 4.14 727.24
Note. Columns (1), (2), and (3) give the XRB system name, Chandra-HETG observation ID, and associated alphabetical label used in this paper. Column (4)
distinguishes between High- vs. Low-Mass X-ray binaries, and neutron-star vs. black-hole accretors. Column (5) is the observation start time (UTC) recorded in
the DATE-OBS header keyword. Column (6) is the exposure time (header keyword EXPOSURE) corrected for all effects, including spatial ones such as vignetting.
Column (8) gives the count rate in the fitting band. Columns (9) and (10) give either the (tabulated, Kalberla et al. 2005, weighted average) foreground Galactic
hydrogen column density used or fitted values for the two models in this study. For completeness and clarity we note that for the two objects with mostly low and
untabulated values, Cyg X−1 and Her X−1, the tabulated values are 7.21×1021 and 0.169×1021 cm−2, respectively. However, in line with all tables, no MYTORUS
values are given for non-detections. The superscript f indicates a fixed value. Finally, column (11) gives our quantitative measure of Fe Kα line detectability in
terms of the change in theC-statistic value between a fit with a Gaussian fixed at an energy of 6.4 keV and FWHM of 100 km s−1 and a fit lacking such a component
(Section 4.3). 1: Also known as X1822−371; 2: Also known as X1908+075; 3: Also known as 4U1223−62.
The structure of the paper is as follows. Section 2 presents
the sample of XRBs used in our study. Section 3 sets out the
details of the data reduction. Section 4 presents details of the
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self-consistent X-ray reprocessor models used in this work,
and our spectral fitting methodology. Section 5 presents and
discusses our results. A summary and conclusions are given
in Section 6. Details of the results for spectral fits to each
observation, as well as pertinent discussion of historical ob-
servations, are given in Appendix A.
2. Sample
Since the primary purpose of the present study is to in-
vestigate whether the results and conclusions of the study
of HETG observations of 14 Galactic XRBs by T10 with-
stand improved modeling, our sample is based on the same
sources. However, we do not use all of the observations in the
T10 sample but we include additional observations that were
not in the T10 sample. The neutral Fe Kα fluorescent line is
the main feature that will constrain the self-consistent models
that we apply and any additional features due to ionized Fe
can introduce uncertainty if blending is a factor. Our sample
avoids sources that have spectra dominated by features from
ionized Fe. These sources were identified in a preliminary
analysis of 60 HETG observations of the 14 XRBs. For ex-
ample, we exclude some observations of Cir X−1 that show
significant P-Cygni absorption profiles, and of Cyg X−3 that
show spectra dominated by features from non-neutral mate-
rial.
We further exclude observations where the determination
of the position of the zeroth-order image leads to an offset
between the −1 and +1 orders that is greater than the in-
strumental resolution. However, we do not in general ex-
clude observations in which there appears to be no neutral Fe
Kα emission line (see Section 4.3) because the use of self-
consistent models means that the absence of a line detection
must have implications for some of the other spectral param-
eters in the model.
Our final sample consists of 56 individual observations.
Since T10 did not use our criteria for excluding observa-
tions, and did exclude spectra with no Fe Kα line detections,
our sample largely overlaps theirs, but not completely. Ta-
ble 1 presents the full list of observations, XRB types, expo-
sure times, fitting bands, count rates and line-of-sight (non-
intrinsic) neutral hydrogen column densities. In most cases,
the latter is simply the Galactic column density, NgalH , ob-
tained with the FTOOL nh, based on the LAB survey de-
scribed in Kalberla et al. (2005). However, for two sources
(Cyg X-1 and Her X-1), it was found that in most observa-
tions the spectrum demanded a smaller column density than
this value. Since the Galactic column density in the model
is degenerate with any other line-of-sight column density in
the model, in these cases we had to fix it at an arbitrary, low
value of 1018 cm−2 (see Sections A.6 and A.11).
3. Data reduction
The data reduction and analysis was carried out using stan-
dard X-ray analysis tools. First, level 2 event files were pro-
duced using the Chandra X-ray Center’s CIAO 4.6 data re-
duction and analysis suite and our own modified version of
the pipeline script chandra repro. Specifically, the default,
100 101
AFe(AFe,⊙)
100
101
102
N
H
,s
p
h
(1
02
2 c
m
−2
)
Figure 1. NH,sph against AFe for BN11 model. Only points for which
AFe was not a lower or upper limit, nor reaching AFe = 10 AFe, are
shown. The vertical dotted line marks AFe = AFe,.
fixed width of the HEG mask in the cross-dispersion direc-
tion (parameter width factor hetg) often leads to a pre-
mature termination at the high-energy end of the spectrum
because the HEG region strip intersects the MEG region strip
too soon. This leads to compromising the HEG data for the
Fe Kα line and Fe K edge region of the spectrum. We ad-
dressed this issue by modifying the script to accept a variable
width.
For a few observations, this procedure failed to correctly
identify the position of the zeroth-order image, leading to
poor wavelength calibration and mismatch between the −1
and +1 orders. The original detection method for the zeroth-
order image is a sliding square “detect” cell whose size is
matched to the instrument PSF (celldetect in CIAO). As
this may fail for bright, piled-up, or blocked zeroth-order
images, an alternative method is to find the intersection of
one of the grating arms with the detector readout streak2 .
chandra repro uses the script tgdetect2 to decide which
detection method is appropriate for a given observation. The
choice is based on an empirical relation between the zeroth-
order image count rate and the dispersed spectrum rate. Al-
though tests suggest that the correct method is chosen in
all but 2% of the cases, the tool clearly fails for two ob-
servations of GX 301−2 (obs. IDs 103 and 2733) and one
of 4U1908+075 (obs. ID. 5477). By interactively fitting a
two-dimensional Gaussian surface brightness profile to the
zeroth-order image, we managed to eliminate the problem
2 http://space.mit.edu/cxc/analysis/findzo/Data/memo fzero 1.4.pdf
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for all observations, except GX 301−2, obs. ID 103. There-
fore this observation was not included in our sample.
As we are interested in the highest spectral resolution pos-
sible, we only use the HEG data in this paper, rebinned to
0.0025A˚, well below the theoretical and observationally es-
tablished instrumental resolution. The ±1 spectral orders
were then individually extracted and combined for each ob-
servation individually in order to maximize the signal-to-
noise.
The zeroth-order image of some of these sources is clearly
piled up but we do not use the zeroth-order data for any sci-
entific analysis. For higher orders of grating spectra, pile-up
will be more of a concern where the effective area is higher,
i.e. at ∼ 2 keV, and for MEG data, whereas all of our anal-
ysis is above 2 keV using HEG data. Even if pile-up can be
identified, data reconstruction has high systematic uncertain-
ties (Schulz et al. 2016). We thus only flag observations that
may suffer from pile-up by using the validation and verifica-
tion pile-up warning provided on the online Chandra Trans-
mission Grating Data Catalog and Archive (TGCat, Huen-
emoerder et al. 2011). According to this, only 5 out of 56
observations might be affected by serious pile-up. These are
one observation of Cir X−1 (1905) and four observations of
Cyg X−1, namely 13219, 2741, 2742 and 2743. However,
this does not affect our overall results, as the Fe Kα line is
not detected in any of these observations.
In principle, one can further combine spectra for individ-
ual observations to produce a single co-added spectrum for
each target. However, these sources often show significant
variability between observations, and may even have been se-
lected to be in different spectral states and/or orbital configu-
rations. As a result, spectral slopes, column densities and Fe
Kα emission may not be consistent for the same target, but
instead depend on observation date. This precludes a phys-
ical interpretation of a single, averaged spectrum. We thus
choose to analyze each observation independently, leading to
56 individually analyzed observations.
4. Analysis Strategy and Spectral-Fitting Models
We fit spectral models to the HEG spectrum from each
observation using XSPEC, version 12.8.1g (Arnaud 1996).
We use the C-statistic for minimization and statistical error
analysis since some of the spectra have regimes in which
the counts per spectral bin are too low for the χ2 statis-
tic. For models that involve absorption or scattering we use
the Verner et al. (1996) photoionization absorption cross-
sections and Anders & Grevesse (1989) abundances. The
upper energy of the spectral-fitting band is 8.0 keV in all
cases because the detector sensitivity and effective area falls
off sharply above this energy. Although it would be desir-
able to extend the spectral-fitting down to ∼ 0.9 keV (the ef-
fective lower end of the usable HEG bandpass), preliminary
examination of the spectra showed many cases of soft X-ray
emission-line complexes. The ionized material responsible
for this soft X-ray emission is distinct from the material pro-
ducing the neutral Fe Kα line. Modeling these complex soft
X-ray spectra can add considerable burden to the running
time and stability of the spectral-fitting analysis, yet it may
not affect modeling of the neutral Fe Kα line. We choose
to use 2.4 keV as the lower limit of the spectral bandpass,
and this restriction will always be borne in mind in our in-
terpretations of the spectral-fitting results and discussed on a
case-by-case basis.
We use two particular models of the X-ray reprocessing
of the primary X-ray continuum, which is responsible for
producing the neutral Fe Kα fluorescent emission line, as
well as the X-ray absorption and reflection that are associ-
ated with the line-emitting material. One of these models is
the uniform spherical matter distribution model by Bright-
man & Nandra (2011, hereafter, BN11). The other model is
a toroidal reflector, as implemented by the MYTORUS model
(as described in Murphy & Yaqoob 2009). The two mod-
els will be described further below. Both models treat the
Fe Kα line emission and the Compton-scattered continuum
self-consistently. They differ in one key aspect: that is, the
MYTORUS model can provide a reflection-dominated X-ray
spectrum since the X-ray source is external to the X-ray re-
processor, whereas the uniform spherical model cannot give
a reflection-dominated X-ray spectrum because the X-ray
source is embedded at the center of the X-ray reprocessor.
Our use of the MYTORUS model is not intended to imply that
the geometry is necessarily actually toroidal. It is simply one
manifestation of possible geometries and physical scenarios
that can give rise to a reflection-dominated X-ray spectrum.
The particular setup we are using can well be interpreted as
mimicking a clumpy, patchy, not necessarily toroidal repro-
cessor (Yaqoob 2012, see also Section 4.2). However, the
very limited bandpass of the HETG data means that there is
considerable degeneracy for different specific geometries, so
exploration of different reflection geometries is not warranted
and requires simultaneous higher energy coverage to con-
strain the continuum shape. In the present study we use the
MYTORUS model in preference to available disk-geometry
models (such as PEXMON, see Nandra et al. 2007), because
the MYTORUS model allows exploration of X-ray reprocess-
ing in a finite-column density medium, whereas the available
disk models force an infinite column density. This can be par-
ticularly important for high-resolution spectroscopy because
the flux of the Compton-shoulder relative to the core of the
Fe Kα line is dependent on column density. In addition, the
MYTORUS model properly treats the Fe Kα line as a doublet,
with the Kα1 and Kα2 components each forming their own
Compton shoulder (see Section 4.4 for details). This allows
a more accurate determination of velocity broadening since a
simplistic, single-line treatment would incorrectly add artifi-
cial apparent velocity broadening.
In some of the XRB spectra in our sample, one or both
of the X-ray reprocessor models alone may be insufficient
to account for the HEG spectrum in the fitted bandpass, and
in such cases one or more of two additional types of model
components are also used. One is an additional (power-law)
continuum that is subject to a different line-of-sight absorp-
tion (which could be zero) to that applied to the primary
continuum. This second continuum is needed for spectra
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that rise towards low energies, often despite the spectrum
below a few keV being flat due to absorption. The other
type of spectral component uses a simple Gaussian emission-
line model, and is used to empirically account for emission
lines that are not included in the X-ray reprocessor model
but may appear in a given spectrum. One or more Gaussian
model components are included on an as-needed basis. In
many cases these additional emission lines are not needed
but when they are, they are most often associated with the
Fe XXV He-like triplet around∼ 6.7 keV, or with the Fe XXVI
Lyα line, at ∼ 6.97 keV. In general the centroid energy and
flux of the Gaussian components are free parameters but the
width is fixed at 100 km s−1 FWHM if the line is unresolved.
The best-fitting parameters of these additional emission lines
from ionized material are not dicussed in detail and full sta-
tistical errors are not derived because they are only incidental
to the primary goal of the present analysis (which is to deter-
mine the constraints on the neutral matter distribution from
the neutral Fe Kα line). The ionized lines are often suffi-
ciently isolated that they do not affect modeling of the Fe
Kα line but in some instances they do have a potential impact
and these will be discussed on a case-by-case basis. In some
observations narrow, isolated ionized lines were detected be-
low 4 keV and we simply excised the data in narrow energy
bands containing such lines. Again, such cases will be ex-
plicitly pointed out. Other potential emission lines that can
be expected to be detected in some of the spectra are the fluo-
rescent emission lines from elements other than Fe that orig-
inate in the same neutral material that produces the Fe Kα
line. The BN11 model already includes the neutral fluorescent
lines of the common elements but the MYTORUS model does
not, so for this model any fluorescent lines detected from el-
ements other than Fe have to be explicitly modeled by addi-
tional Gaussian components.
For consistency, identical sets of model components are
used for all observations of a given target, although in prac-
tice the fitted parameters for any of these components may
effectively remove the component. Statistical errors will be
given for 90% confidence, one interesting parameter (corre-
sponding to a ∆C criterion of 2.706). In some cases this may
result in only a lower or upper limit on a parameter. Results
of the XSPEC goodness command will also be given, based
on 2000 random realizations of the data. The value gives the
percentage of these simulations with the fit statistic less than
that for the original data. In other words, high values of the
goodness, near 100%, indicate a poor fit, while low values of
the goodness that tend to zero indicate an over-parametrized
fit.
4.1. Uniform Spherical Model
We now briefly summarize the uniform (fully covering),
spherical X-ray reprocessor model of BN11. In this model an
isotropic X-ray source is located at the center of a spherical
distribution of neutral matter. The model is implemented us-
ing an XSPEC emission table (“atable” sphere0708.fits,
see BN11 for details). This table is calculated for the central
X-ray source having an intrinsic power-law continuum with
a termination energy of 500 keV. The model is characterized
by the power-law continuum photon index, Γsph, and its nor-
malization, Nsph, a global radial equivalent hydrogen column
density, NH,sph, a redshift parameter, zsph, and two elemen-
tal abundances, AFe and AM, relative to solar. The former
is the Fe abundance relative to the adopted solar value, and
the latter is a single abundance multiplier for C, O, Ne, Mg,
Si, S, Ar, Ca, Cr and Ni relative to their respective solar val-
ues. Consistent with other model components that we use
that involve absorption, the BN11 model uses the abundances
of Anders & Grevesse (1989) and photoelectric absorption
cross-sections of Verner et al. (1996). For all modeling in this
paper, we assume AM = 1, and only allow AFe to be a free pa-
rameter during spectral fitting. While it is certainly possible
that elements other than Fe may have nonsolar abundances,
the fluorescent lines from the other elements are generally too
weak to constrain AM. We note that the table model is only
valid for the pre-calculated range of Fe relative abundance,
namely 0.1 – 10.0. Also, the valid ranges of Γsph and NH,sph
are 1.0 – 3.0 and 1020 to 1026 cm−2 respectively. None of the
parameters can vary beyond the valid ranges during spectral
fitting.
The BN11 model self-consistently calculates the fluorescent
emission lines of all of the above-mentioned elements, most
importantly the Fe Kα and Fe Kβ lines. Compton scattering
of continuum and line photons is explicitly included in the
model. However, an important restriction of the BN11 table
model is that the fluorescent lines, Compton-scattered con-
tinuum, and direct line-of-sight (or zeroth-order) continuum
cannot be separated from each other. One consequence is
that time delays between variations in the zeroth-order con-
tinuum and response of the reflection continuum and fluores-
cent lines cannot be accommodated by the model.
4.2. MYTORUS model
In the MYTORUS model, an isotropic X-ray source is situ-
ated at the center of a toroidal X-ray reprocessor. The base-
line geometry consists of a torus with circular cross section.
The torus diameter is characterized by the equatorial column
density, NH,S. The global covering factor of the reprocessor
is 0.5, corresponding to a solid angle subtended at the central
X-ray source of 2pi and an opening half-angle of 60◦. The
model self-consistently calculates the Fe Kα and Kβ fluo-
rescent emission-line spectrum, as well as the effects of ab-
sorption and Compton scattering on the X-ray continuum and
line emission. As in the BN11 model, element abundances are
from Anders & Grevesse (1989), and photoelectric absorp-
tion cross-sections from Verner et al. (1996). A limitation
of the model is that, in contrast to the BN11 model, currently
none of the element abundances can be varied. For further
details of the model we refer the reader to Murphy & Yaqoob
(2009), Yaqoob et al. (2010) and Yaqoob (2012). More ex-
amples of applications of the model can be found in LaMassa
et al. (2014) and Yaqoob et al. (2015). In the present applica-
tion we test the HETG data against the model in a restricted
part of parameter space since the lack of data above 8 keV
precludes allowing too many parameters to be free because
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the high-energy part of the Compton-scattered continuum is
out of the observed bandpass. Specifically, we fix the orien-
tation of the torus to be face-on. The Compton-scattered (or
reflection) continuum is provided by the MYTORUS model
component MYtorusS, while the Fe Kα and Fe Kβ line emis-
sion is provided by the component MYtorusL (see Yaqoob
2012, for details). For a given column density of the re-
flecting medium, the shape of the reflection spectrum viewed
along lines of sight that do not intercept the medium is not
very sensitive to the exact geometry or orientation (e.g. see
Liu & Li 2014; Yaqoob et al. 2015, 2016). Thus, the face-
on torus reflection spectrum could be representative of other
physical scenarios, such as same-side reflection in a distribu-
tion of clouds. An additional component of the MYTORUS
suite, MYtorusZ, provides l.o.s. extinction of the direct con-
tinuum due to absorption and Compton scattering in addi-
tional material that is not part of the torus, characterized by
a column density NH,Z. This component is the zeroth-order
continuum, which does not depend on geometry (because it
is line-of-sight only), and has no fluorescent line emission
(since the solid angle subtended at the source is by definition
negligible). Moreover, the MYtorusZ component is simply an
energy-dependent multiplicative factor so it is also indepen-
dent of the shape of the incident intrinsic continuum. The
set-up of the MYTORUS model just described is a version
of the so-called decoupled mode of applying the model (see
Yaqoob 2012; Yaqoob et al. 2015, for details). The zeroth-
order continuum (MYtorusZ) is implemented as an XSPEC ta-
ble (“etable” mytorus Ezero v00.fits).
A major advantage of the MYTORUS model relative to
BN11 is that it allows free relative normalizations between
different model components. This can be used to ac-
commodate for differences in the actual geometry com-
pared to the specific model assumptions used in the orig-
inal calculations, as well as for time delays between di-
rect continuum, Compton-scattered continuum, and fluo-
rescent line photons. The Compton-scattered continuum
(MYtorusS) is implemented as an additive XSPEC table, (“at-
able” mytorus scatteredH500 v00.fits), which corre-
sponds to a power-law incident continuum with a termi-
nation energy of 500 keV, and a photon index, ΓS, in the
range 1.4− 2.6. Finally, the Fe Kα and Kβ emission lines
(MYtorusL) are implemented with another additive XSPEC ta-
ble (mytl V000010nEp000H500 v00.fits). Both of these
last two tables are calculated from the same self-consistent
Monte Carlo simulations and have the same five model pa-
rameters, namely, the incident power-law normalization NS,
the power-law photon index ΓS, the toroidal column density
NH,S, the inclination angle of the torus axis relative to the
l.o.s. θobs,S, and a redshift parameter zS. Each of the corre-
sponding parameters in the MYtorusS and MYtorusL compo-
nents are tied together (and θobs,S fixed at 0◦), but MYtorusS
and MYtorusL are multiplied by the relative normalization
factors AS and AL, respectively, before being added to the
direct, zeroth-order continuum. In our modeling we enforce
AL ≡ AS, otherwise the self-consistency of the reflection con-
tinuum and Fe Kα line emission is broken. We allow AS to
be free, but this parameter does not have a simple physical
meaning, except for the value of 1.0, which corresponds to
a torus with a covering factor of 0.5, either illuminated by a
time-steady X-ray source, or by a variable source with light-
crossing times across the X-ray reprocessor that are much
less than the integration time of the fitted spectrum. Depar-
tures from AS = 1.0 could be due to a number of factors,
including a different covering factor, nonsolar abundances,
a time lag between the direct and reflected continua, or a
different geometry entirely. For example, the MYtorusS and
MYtorusL components could correspond to emission ob-
served through “holes” in a patchy, possibly amorphous,
distribution, corresponding to reflection and fluorescence re-
spectively, from the back-side of material on the far side
of the X-ray source. Material inbetween the X-ray source
and the observer of such a patchy reprocessor could then
correspond to the MYtorusZ component if it lies in the l.o.s.
We note that, in any geometry, if the direct continuum is
suppressed and tends to zero, the value of AS would tend to
infinity as the observed spectrum becomes more and more
reflection-dominated.
The table models for the MYtorusS and MYtorusL compo-
nents do not allow the photon index, ΓS, to go outside of
the pre-calculated range of 1.4 to 2.6. There is no such re-
striction for the MYtorusZ component since it does not de-
pend on the intrinsic continuum parameters. During pre-
liminary exploratory spectral fitting we found that many of
the HETG spectra in our sample are very flat, and often re-
quire a power-law photon index less than 1.4. In some cases
a value steeper than 2.6 was required. Therefore we allow
the MYtorusZ component to be associated with a photon in-
dex, ΓZ, that is independent of the photon index associated
with MYtorusS and MYtorusL (ΓS). The outcome of this ap-
proximation is that it is always possible to fit the observed
continuum well, at the expense of accuracy in the shape of
the Compton-scattered continuum. The Fe Kα and Fe Kβ
line fluxes predicted for a given ΓS and NH,S are also dif-
ferent if ΓS and ΓZ are different but the line flux anomaly
is assimilated into the parameter AS, to which we are al-
ready not assigning a physical interpretation. In summary,
the caveats described above prevent a robust interpretation of
continuum parameters and column densities that are obtained
from fitting the MYTORUS model to the HETG data in our
sample. However, the real value of applying the MYTORUS
model is to obtain robust constraints on the velocity broad-
ening of the Fe Kα line because of the superior treatment of
the separate line components and their Compton shoulders,
compared to other available models. For spectra which can-
not be explained by a uniform, fully covering spherical X-ray
reprocessor the MYTORUS model is thus a favorable choice.
4.3. Fe Kα Line Detectability
In out HETG sample the signal-to-noise ratio in the Fe Kα
line emission shows a large range, and in a few of the spec-
tra the Fe Kα line is not detected. Although even the ab-
sence of an Fe Kα emission line in itself can yield impor-
tant constraints when applying self-consistent X-ray repro-
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x
Figure 2. Comparisons of different fitted models. Panels (a), (b), (d), (e), and (f) plot fitted values for MYTORUS against the BN11 spherical
model (or against T10, panel f) for Fe Kα line energy shifts, Fe Kα line FWHM, continuum fluxes, and Fe Kα line EW, respectively. Panel (c)
shows FWHM distributions for the BN11 (black) and MYTORUS (red) models. Only line results for which the line was detected at ∆C ≥ 6.63
and AFe was neither a lower limit nor reached AFe = 10 AFe, are shown. In panels (e) and (f) the point for LMC X−4 (obs. ID. 9574) is not
shown, as the MYTORUS result has a very large upper 90% uncertainty (Table 4), making it essentially unconstrained.
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cessing models, clearly, a weak or absent Fe Kα line in the
data affects the stability of a spectral fit since one or more
of the model parameters may become unconstrained. For ex-
ample, if the Fe Kα line is not detected in a spectrum, it
does not make sense for the line width to be a free param-
eter. Thus, for each spectrum we derive a quantitative mea-
sure of the statistical quality of the Fe Kα line in order to
serve as a guide on the most robust approach to spectral fit-
ting, and to facilitate the interpretation of the model fitting
for each spectrum. To this end, we fit the restricted energy
range 5.0−6.6 keV with a simple power-law continuum, and
then fit again with an additional Gaussian model component
added to the power-law continuum. Apart from any Fe Kα
emission, the above energy range is usually free from other
prominent emission features. For the purpose of this exer-
cise, we fixed the peak energy and FWHM of the Gaussian
component at 6.4 keV and 100 km s−1, respectively. While
the actual data for a given observation may demand a dif-
ferent peak energy and/or FWHM, this approach provides a
very simple assessment with a uniform treatment of the data
across all observations. We use the C-statistic for finding the
best-fits, and for each pair of fits for a given spectrum we then
calculate the difference in theC-statistic between the two fits:
∆C ≡Cwithout line−Cwith line . (1)
The results are shown in Table 1. We consider ∆C ≥ 6.63,
corresponding to a 99% level confidence for one parameter,
to formally indicate a significant detection of the Fe Kα line.
Even for larger values of ∆C the Fe Kα line FWHM may
have to be fixed, and this will be discussed on a case-by-case
basis. In Table 1, 12 observations have ∆C < 6.63.
4.4. The Fe Kα Line Energy
In the BN11 and MYTORUS models, the centroid energy of
the Fe Kα line emission is not a free parameter since it is
explicitly modeled as originating in neutral matter. The same
is true for the Fe Kβ line. In fact, in the MYTORUS model,
the Fe Kα line is explicitly modeled as the doublet Kα1 at
6.404 keV and Kα2 at 6.391 keV, with a branching ratio of
2:1, respectively, which results in a weighted mean centroid
energy of 6.400 keV (see Murphy & Yaqoob 2009, for de-
tails). However, in practice the peaks of the Fe Kα and Fe
Kβ emission lines in the actual data may be offset relative to
the baseline model because of instrumental systematics in the
energy scale and/or mild ionization. In addition, the practical
implementation of the Fe Kα line in the BN11 table model
is rather inadequate compared to the precision of the HETG
data. Not only does the BN11 model approximate the Fe Kα1
and Fe Kα2 doublet as a single line, but the entire line core is
covered only by three energy grid points, each separated by
∼ 10 eV. Moreover, the peak energy bin center is not at 6.400
keV, it is at 6.397 keV. Considering these factors, we make
use of the redshift parameter associated with the fluorescent
line emission in the BN11 and MYTORUS models, allowing
it to vary independently as a free parameter (and allowing
it to be positive or negative). The energy shift is applied to
the Compton-scattered continuum as well as to the fluores-
cent lines. In practice, after finding the best-fitting redshift
during spectral fitting, the redshift is frozen at that value be-
fore deriving statistical errors on the other parameters of the
model. In the tables of spectral-fitting results that we will
present, the redshift offset will be given as the effective Fe
Kα line energy offset. A positive shift means that the Fe Kα
line centroid energy is higher than the expected 6.400 keV.
For each fitted redshift value, z, we calculate the correspond-
ing energy and velocity shifts (∆E and ∆v respectively) using
∆E = E0( −z1+z ) and ∆v= cz, where E0 is the unshifted Fe Kα
line centroid energy.
4.5. The Fe Kα Line Velocity Width
For both models, we implement line broadening by using
a Gaussian convolution kernel (gsmooth in XSPEC) which
has an energy width σE = σL( E6keV )
α . Here σL and α are
the two free parameters of the Gaussian model. We as-
sume a velocity width that is independent of energy, attained
by fixing α = 1. We use σL to estimate a full-width at
half-maximum (FWHM) in velocity units using FWHM =
2.354c(σL6 ), where c is the speed of light. This is equiva-
lent to FWHM = 117,700σL(keV) km s−1. In cases where
either the line is not detected or the line width cannot be con-
strained (leading to unstable spectral fits), we formally fix σL
at 8.5×10−4 keV, equivalent to FWHM = 100 km s−1, well
below the HEG spectral resolution in the Fe K energy band.
The BN11 model does not allow the fluorescent lines to be
separated from the continuum, so in that case the broadening
(gsmooth) had to be applied to the BN11 model continuum as
well as the lines. However, this is not strictly correct because
the continuum and fluorescent lines would not necessarily be
expected to have the same broadening (e.g. the l.o.s. ma-
terial may have different kinematics to material out of the
l.o.s.). If we were to include a second, free, broadening com-
ponent in the MYTORUS model for the continuum, the extra
free parameter in an already complex model would not be
well-constrained. However, since the reflection continuum is
broad and the feature around the Fe K edge in the reflection
continuum is weak compared to the total continuum, the con-
tinuum broadening would not impact the key model parame-
ters. Moreover, the signal-to-noise ratio in the HETG spectra
drops sharply above ∼ 7 keV, making it even less likely for
the additional broadening to have an impact. Therefore, the
broadening convolution model was not applied to the reflec-
tion continuum.
4.6. The Fe Kα Line Flux and Equivalent Width
In both the BN11 and MYTORUS models, the Fe Kα
emission-line flux is not an explicit model parameter be-
cause it is determined self-consistently by other parameters
in the model. Rather, the Fe Kα line flux must be calculated
indirectly from the best-fitting spectra. Moreover, in the BN11
model table, the fluorescent lines and continuum cannot be
separated so it is not possible to determine statistical errors
on the Fe Kα line flux (and EW). For the MYTORUS model
we adopt the fractional error on the parameter AL and assume
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that the same fractional error applies to the line flux, as an
estimate of its statistical uncertainty. In cases where AL is
frozen, we untie it from AS and allow it to be free temporar-
ily, and then use the standard procedure in XSPEC to get the
statistical error on AL.
For the BN11 model we estimate the Fe Kα line photon
flux by calculating the total photon flux in a narrow energy
band that contains the line (including the Compton shoul-
der) and subtracting from this the estimated continuum flux
in the same energy band. The actual energy range depends
on the specific spectrum because it should not be so large that
the line flux is a small difference of two large numbers (in
which case it would be subject to unnecessary uncertainty),
and the energy range should not be so narrow that it does
not include all of the line flux. Typically the energy range is
∼ 6.0− 6.5 keV. The narrow range also excludes contribu-
tions of any line emission from highly ionized Fe. The total
flux in the narrow energy band is obtained using the flux
commmand in XSPEC, and the continuum flux in the same
band is estimated by extracting from the best-fitting model
the average value of the monochromatic fluxes at the extreme
ends of the bandpass and multiplying by the energy width of
the bandpass.
For the MYTORUS model we estimate the Fe Kα line pho-
ton flux by turning off all continuum components (leaving
only the velocity-broadened line table, MYtorusL, in place),
and using the XSPEC flux command over the energy range
6.0− 6.5 keV. The exact range is not critical since the con-
tinua are turned off, but the upper end excludes the Fe Kβ
line, which is part of the same table model. Again, the MY-
TORUS Fe Kα line flux includes any Compton shoulder emis-
sion.
The XSPEC flux command also gives energy fluxes in ad-
dition to photon fluxes and the former are used to calculate
an estimate for the energy flux of the Fe Kα line, fFeKα .
For both the BN11 and MYTORUS models, the EW of the
Fe Kα line is calculated by dividing the Fe Kα flux by the
monochromatic continuum flux at the line peak energy. Val-
ues of the latter are estimated from inspection of the best-
fitting models. No statistical errors on the EW can be calcu-
lated for the BN11 model (for the same reason as for the line
flux), and for the MYTORUS model the statistical errors on
the EW are calculated using the fractional statistical errors
on AL.
4.7. Observed and Intrinsic Continuum Fluxes
For each observation, we calculate two different fluxes for
each of the applied models (BN11 and MYTORUS).
1. f2−10,c,obs (erg cm−2 s−1), the total observed contin-
uum flux.
2. f2−10,c,intr (erg cm−2 s−1), the continuum flux origi-
nating in the source that would be measured without
any interaction with the X-ray reprocessor (i.e. the ob-
served flux corrected for any absorption and scatter-
ing).
In the BN11 table model the continuum and line emis-
sion cannot be separated, so we first estimate the total ob-
served flux, f2−10,tot, of each best-fitting model in the 2−
10 keV band, by using the flux command in XSPEC. Al-
though we have not fitted the data beyond 8.0 keV, we
perform this extrapolation for the purposes of comparison
with other work. The observed continuum flux between
2− 10 keV is then estimated by simply subtracting the en-
ergy flux of the Fe Kα line ( fFeKα ) from the total flux, or
f2−10,c,obs ∼ f2−10,tot − fFeKα . This procedure somewhat
over-estimates the continuum flux because it still includes the
fluxes of Fe Kβ line and other weak fluorescent lines. How-
ever, any additional Gaussian emission-line components that
were included in the model are turned off. We estimate the
intrinsic continuum flux (i.e. with no absorption or scatter-
ing), f2−10,c,intr, by setting up a power law with a photon in-
dex equal to the best-fitting values of Γsph and normalization,
Nsph, and then calculating the associated flux with the flux
command.
For the MYTORUS model, f2−10,c,obs is calculated by turn-
ing off all of the emission lines in the best-fitting model and
using the flux command in XSPEC. The intrinsic continuum
flux, f2−10,c,intr, is calculated by using the flux command
on the direct power-law component with a photon index
(ΓZ) and normalization (NZ) from the best-fitting MYTORUS
model. We do not give statistical errors on any of the contin-
uum fluxes for any model because absolute continuum fluxes
are dominated by systematic uncertainties which are not well
quantified but are typically of the order of ∼ 10−20%, con-
sidering multimission calibration studies (e.g. Madsen et al.
2017; Tsujimoto et al. 2011, see also the HETG team web-
page3 ).
5. Results
We now present overviews and salient aspects of the
spectral-fitting results. A more detailed description of fit-
ting for individual systems can be found in Appendix A. A
list of plots with data and fitted models can be found in Ap-
pendix B. Plots of confidence contours showing constraints
on the Fe Kα line width are given in Appendix C. Below we
give the key results separately for the spherical (BN11) and
MYTORUS models, and subsequently compare the results
and discuss some implications for the Fe Kα line from both
models.
3 http://space.mit.edu/CXC/calib/hetgcal.html
10
THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES Tzanavaris & Yaqoob
Table 2. Fitting results for the spherical model of Brightman & Nandra (2011, BN11)
Source obs. C-stat(d.o.f) goodness Γsph AFe Γsoft Nsoft/Nsph NH,sph
% (AFe,) (log) (1022 cm−2 )
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
4U1700−37 657 A 1468.75(1439) 48.7 1.21+0.11−0.07 0.60+0.06−0.05 1.21t −1.17+0.33−0.90 13.27+1.07−0.75
4U1822−371 671 A 1508.48(1440) 86.0 1.00 f 3.07+1.17−0.67 . . . . . . 1.45+0.17−0.17
4U1822−371 9076 B 1494.82(1438) 81.2 < 1.06c 3.17+1.50−0.57 . . . . . . 1.01+0.06−0.15
4U1822−371 9858 C 1567.34(1438) 98.9 < 1.02c 3.32+0.33−0.31 . . . . . . 1.09+0.05−0.05
4U1908+075 5476 A 1522.94(1440) 46.1 < 1.11c 3.38+1.65−0.87 . . . . . . 3.07
+0.21
−0.52
4U1908+075 5477 B 1312.14(1440) 98.3 1.40+0.24−0.24 0.24
+0.08
−0.07 . . . . . . 24.75
+1.57
−2.05
4U1908+075 6336 C 1572.95(1440) 79.5 1.39+0.19−0.21 1.11
+0.41
−0.36 . . . . . . 7.86
+1.06
−1.24
Cen X−3 1943 A 2072.94(1435) 100.0 1.00a 10.00a . . . . . . 0.07a
Cen X−3 705 B 1587.92(1432) 92.7 < 1.08c 0.74+0.15−0.11 −0.45+0.15−0.13 −1.51+0.33−0.88 15.43+0.99−2.72
Cen X−3 7511 C 1714.11(1434) 100.0 1.29a 10.00a −2.28a −3.44a 0.78a
Cir X−1 12235 A 1611.18(1442) 84.6 1.49+0.15−0.16 < 1.10 . . . . . . 3.15+0.79−0.87
Cir X−1 1905 B 1722.32(1442) 100.0 1.86+0.03−0.03 0.46+0.37−0.30 . . . . . . 0.81+0.12−0.13
Cir X−1 1906 C 1523.77(1442) 91.3 1.56+0.02−0.02 < 0.23 . . . . . . 1.02+0.11−0.11
Cir X−1 1907 D 1660.01(1442) 100.0 1.59+0.03−0.02 < 0.38 . . . . . . 1.35+0.13−0.13
Cir X−1 8993 G 1557.56(1439) 86.2 < 1.65c 1.20+1.84−0.82 . . . . . . 3.99+2.10−1.38
Cyg X−1 11044 A 1760.80(1441) 100.0 1.57a 10.00a . . . . . . 0.03a
Cyg X−1 12313 B 1554.00(1440) 96.8 1.10a 10.00a 4.42a 1.97a 0.07a
Cyg X−1 12314 C 1595.79(1442) 99.9 2.88a 10.00a . . . . . . 0.01a
Cyg X−1 12472 D 1733.94(1440) 100.0 1.40a 10.00a 4.69a 2.32a 0.25a
Cyg X−1 13219 E 1556.91(1440) 97.8 1.31a 10.00a 4.40a 1.93a 0.11a
Cyg X−1 1511 F 1580.01(1442) 99.0 1.77+0.02−0.03 > 2.15 . . . . . . 0.22+0.10−0.14
Cyg X−1 2415 G 1704.36(1439) 100.0 2.71a 10.00a 1.01a −0.88a 0.09a
Cyg X−1 2741 H 1504.55(1440) 87.7 1.17a 10.00a 4.27a 1.74a 0.10a
Cyg X−1 2742 I 1453.70(1440) 41.5 1.00a 10.00a 4.21a 1.88a 0.06a
Cyg X−1 2743 J 1446.95(1439) 37.3 1.00 f 10.00a 4.73a 2.58a 0.17a
Cyg X−1 3407 K 1663.29(1439) 100.0 1.79+0.03−0.02 6.24+1.78−1.34 4.18+0.02−0.02 0.96+0.30−1.78 0.16+0.02−0.03
Cyg X−1 3814 M 1474.62(1380) 93.6 1.39a 10.00a . . . . . . 0.16a
Cyg X−1 8525 N 1532.08(1350) 99.9 1.39+0.01−0.01 1.06+0.15−0.20 . . . . . . 0.85+0.04−0.04
Cyg X−1 9847 O 1543.94(1368) 100.0 1.36+0.02−0.02 > 3.94 . . . . . . 0.24+0.15−0.07
Cyg X−1 3815 P 1932.04(1315) 100.0 1.97+0.02−0.01 > 3.25 > 9.72 2.15+0.32−1.37 0.22+0.23−0.04
Cyg X−3 101 A 1689.23(1436) 100.0 1.00 f 10.00a . . . . . . 0.78a
γ Cas 1895 A 1459.02(1377) 77.7 1.78a 10.00a . . . . . . 0.25a
GX 301−2 2733 B 1849.36(1406) 100.0 1.20+0.08−0.08 0.86+0.03−0.03 . . . . . . 66.68+1.19−0.87
GX 301−2 3433 C 1570.46(1424) 99.6 < 1.01c 0.80+0.04−0.03 . . . . . . 18.22+0.16−0.16
GX 1+4 2710 A 1518.76(1438) 87.5 < 1.09c 3.11+0.42−0.38 . . . . . . 1.86
+0.10
−0.13
GX 1+4 2744 B 1433.02(1440) 40.0 1.05a 10.00a . . . . . . 1.56a
Her X−1 2703 A 1647.84(1439) 81.0 < 3.02c 0.53+0.30−0.17 0.92+0.34−0.29 −1.47+0.42−0.32 75.23+44.36−29.67
Her X−1 2704 B 1557.74(1440) 98.8 1.00a 10.00a . . . . . . 0.15a
Her X−1 2705 C 1615.42(1438) 38.9 1.26+0.09−0.09 0.26+0.14−0.11 1.37+0.16−0.18 −0.59+0.35−0.79 96.06+10.90−10.56
Her X−1 2749 D 1527.76(1436) 33.8 1.00a 10.00a 0.40a −0.75a 37.47a
Her X−1 3821 E 1539.99(1438) 77.7 < 2.16c 1.53+7.80−0.67 0.23+0.28−0.18 −1.45+0.72−0.05 52.05+23.82−12.82
Her X−1 3822 F 1547.62(1436) 43.4 1.00 f 0.71+0.10−0.10 0.43+0.27−0.10 −0.98+0.35−1.02 > 36.40
Her X−1 4375 G 1476.10(1438) 57.2 1.00 f 1.06+0.93−0.39 1.19+0.26−0.14 0.42+0.36−0.60 33.17+28.84−13.26
Her X−1 4585 H 1496.73(1438) 52.4 3.00 f 0.63+0.27−0.17 0.26+0.19−0.18 −2.78+0.34−0.83 68.99+5.01−5.42
Her X−1 6149 I 1600.65(1438) 96.5 > 2.55 1.24+1.29−0.43 0.44+0.11−0.11 −2.31+0.32−0.59 73.44+8.21−12.42
Her X−1 6150 J 1555.47(1438) 46.5 > 1.39 0.61+0.37−0.16 0.22+0.31−0.30 −2.38+0.38−0.52 72.95+27.55−21.43
LMC X−4 9571 A 1583.06(1438) 86.9 1.00 f 0.55+1.25−0.27 0.79+0.43−0.24 0.04+0.44−0.28 38.77+70.41−16.00
LMC X−4 9573 B 1069.11(1439) 22.2 1.00a 10.00a 0.23a −0.98a 32.83a
LMC X−4 9574 C 1297.27(1439) 23.4 1.00 f 0.45+0.35−0.19 0.33+0.74−0.50 −1.25+0.58−0.21 79.42+45.22−27.85
OAO 1657−415 12460 A 1154.82(1438) 80.2 1.00a 10.00a −1.86a −3.52a 51.88a
OAO 1657−415 1947 B 1006.02(1438) 55.5 < 1.22c 0.53+0.13−0.12 > 9.19 1.50+0.50−0.17 31.57+2.28−2.48
Vela X−1 102 A 505.41(1438) 100.0 1.00a 10.00a 0.50a −0.86a 28.24a
Vela X−1 14654 B 1757.05(1440) 100.0 1.20+0.07−0.04 0.34+0.04−0.03 . . . . . . 17.19+0.41−0.31
Vela X−1 1926 C 1831.44(1439) 100.0 1.00a 10.00a 0.59a −0.86a 30.44a
Vela X−1 1927 D 1635.06(1438) 100.0 < 1.66c 0.90+0.05−0.12 0.09+0.06−0.26 −1.53+0.37−1.29 14.54+0.25−0.96
Vela X−1 1928 E 1452.55(1439) 55.8 1.00 f 3.10+3.66−1.13 3.55+1.59−0.65 0.31+0.45−0.46 1.45+1.02−0.78
Note. Columns (1), (2), and (3) give the XRB system name, Chandra-HETG observation ID, and associated alphabetical label used in this
paper. Columns (4) and (5) give the best-fit value of theC-statistic, and associated degrees of freedom, and the output of the XSPEC goodness
command for 2000 random realizations of the data. Column (6) gives the BN11 power-law continuum photon index; column (7) the BN11 iron
abundance relative to solar; column (8) the photon index for any additional, “soft” power law continuum. Column (9) gives the ratio of the
normalizations of the soft-to-BN11 power law continua. Column (10) gives the model’s equivalent hydrogen column density. The line shift
and line width parameters for each fit are shown in Table 4. f : Parameter frozen; a: No errors calculated because upper model limit of Fe
abundance reached. d.o.f.: degrees of freedom; c: The lower limit on Γsph (= 1.00) is set by limitations of the model; t : Parameter is tied to
Γsph.
5.1. Overview of Spherical Model Results Table 2 shows the best-fitting results for the spherical BN11
model.
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The overwhelming result is that a uniform spherical distri-
bution of matter with solar abundances is ruled out in 8 out of
14 sources (corresponding to a total of 16 observations). The
remaining 6 sources have at least one observation for which
the Fe abundance is within 20% of the solar value, within
the statistical errors. The sources with one such observa-
tion are 4U1908−075, Cir X−1, Cyg X−1, Vela X−1, while
GX 301−2 and Her X−1 have two such observations each.
This leaves 31 observations of these 6 sources for which the
spherical, solar abundance model is rejected. Thus, we can
say that 47 out of 56 spectra are not consistent with the Fe
Kα emission line originating in a uniform spherical distri-
bution of matter with an Fe abundance that is solar within
20%. These observations fit into two categories: either the
derived Fe abundance is non-solar (by more than 20%), with
robust lower and upper bounds, or the Fe abundance is un-
constrained. The latter category is itself comprised of two
sub-categories: one in which the Fe abundance only has a
lower or upper bound, and one in which the Fe abundance
has reached the maximum model table value of 10.0 AFe,.
In the latter sub-category, the fitted column density is so
small that the Fe abundance is driven to the highest value
in the model table in order to attempt to account for the Fe
Kα line flux, but this abundance is still insufficient to fit
the line. In such cases (20 observations of 9 sources) we
do not derive statistical errors for the other model parame-
ters because the fit has failed in its objective to account for
the Fe Kα line. There are 6 observations with only a lower
or upper bound on the Fe abundance, leaving 20 observa-
tions of 11 sources that have a non-solar Fe abundance with
both lower and upper bounds. These Fe abundance values
range from a factor of ∼ 0.3 to ∼ 6 solar, i.e. from sub-solar
to super-solar. The corresponding column density measure-
ments, NH,sph, range from ∼ 1021 cm−2 to ∼ 1024 cm−2, and
Figure 1 shows NH,sph plotted against the Fe abundance (AFe)
measurements for all the observations that have both lower
and upper bounds on both of the parameters. These Fe abun-
dance measurements, especially the non-solar values, may
of course be an artifact of fitting a model that is not appro-
priate. If we further stipulate that an apparently variable Fe
abundance among different observations of the same source
is not physical, we are left with only 3 sources out of the
sample of 14 (4U1700−37, 4U1822−371, GX 301−2) that
are consistent with a uniform, spherical distribution of mat-
ter, and of these only GX 301−2 has an Fe abundance within
20% of the solar value. In fact, GX 301−2 stands out as the
only source that has an approximately solar Fe abundance in
more than one observation. The derived Fe abundance for the
one observation of 4U1700−37 is 0.60+0.06−0.05 AFe,, and the Fe
abundances for the three observations of 4U1822−371 are all
consistent with ∼ 3.1 AFe, (see Table 2). These non-solar
values may be artificial but it is not possible to determine this
definitively with the current data. However, in Section 5.2
we will show the results of fitting these and other observa-
tions with a solar-abundance Compton reflector (using the
MYTORUS model), as opposed to a reprocessor with a closed
spherical geometry.
Table 2 (column 6) shows that the primary power-law con-
tinuum is generally very flat, and in about half of the spectra
(27/56) Γsph reached 1.0, the lowest value in the BN11 table
model. While this was adequate to describe the continuum,
without higher energy spectral coverage it was not possible
to better constrain the continuum. Hard power-law continua
are not uncommon in X-ray binaries, and in particular for
many of the sources in this paper (e.g. Oosterbroek et al.
2001; Chakrabarty et al. 2002; Boroson et al. 2003; Watan-
abe et al. 2003; Ji et al. 2011; Burderi et al. 2000; Neilsen
et al. 2009; Smith et al. 2012; Grinberg et al. 2013; Paul et al.
2005).
Table 2 also indicates that about half of the observations
(29/56) also require a second power law. As already men-
tioned, this is often required to fit a continuum rise in the soft
part of the spectrum. However, 3 of these observations have
Γsoft < 0, so that component might also be compensating for
the inability of the BN11 model component photon index to
access values harder than 1.0.
5.2. Overview of MYTORUS Model Results
Whereas many of the spectra that were fitted with the
spherical BN11 model did not have sufficient column density
to account for the Fe Kα line flux even for an Fe abundance
as high as 10 AFe,, the MYTORUS model can provide un-
obscured lines of sight to a Compton reflection continuum
and fluorescent line emission. The model is set up as de-
scribed in Section 4.2 but it is important to note that since
there are more free parameters than in the BN11 model, spec-
tra in which the Fe Kα is not detected cannot provide useful
constraints. In the BN11 model, due to the smaller number
of parameters, the absence of an Fe Kα line provided con-
straints on the column density and Fe abundance. Therefore,
the MYTORUS model is only applied to those observations
listed in Table 1 that have a significant Fe Kα line detec-
tion, as defined in Section 4.3 (∆C ≥ 6.63). We attempted
to constrain the column density of the material out of the
line of sight (NH,S) but found that for most observations it
could not be constrained and often had a spread of over two
orders of magnitude. This is likely due to geometric degen-
eracies and the very limited HETG bandpass (see discussion
at the beginning of Section 4). For these cases we fixed
NH,S at 1025 cm−2 (the maximum allowed by the MYTORUS
model), specifically testing the data against a Compton-thick
reflection model. The exceptions were 4U1700−37, one ob-
servation of GX 301−2, and one observation of Vela X−1.
The best-fitting results for all of the MYTORUS spectral fits
are shown in Table 3. Our procedure for investigating NH,S
involved obtaining a first, approximate, best-fit, before in-
specting two-parameter, AS versus NH,S, confidence contours
for each observation. If the 99% confidence contours were
closed, then the best-fitting value of NH,S was used as a bet-
ter initial guess for finalizing the fit, otherwise NH,S was fixed
at 1025 cm−2.
12
THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES Tzanavaris & Yaqoob
Table 3. Fitting results for the uncoupled MYTORUS model (Murphy & Yaqoob 2009)
Source obs. C-stat(d.o.f) goodness ΓZ ΓS Γsoft Nsoft/NZ AS NH,Z NH,S
% (log) (1022 cm−2) (1022 cm−2)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
4U1700−37 657 A 1463.57(1437) 46.4 1.05 f 1.40 f 1.05t −1.16+0.33−0.88 1.16+0.26−0.21 13.02+1.00−1.01 44 f
4U1822−371 671 A 1501.90(1438) 78.5 0.93+0.07−0.07 1.40 f . . . . . . 1.76+0.38−0.34 1.75+0.31−0.31 1000 f
4U1822−371 9076 B 1495.11(1436) 79.8 1.06+0.02−0.02 1.40 f . . . . . . 1.12+0.19−0.17 1.66+0.11−0.08 1000 f
4U1822−371 9858 C 1567.21(1436) 98.3 1.04+0.02−0.02 1.40 f . . . . . . 1.33+0.20−0.16 1.72+0.14−0.08 1000 f
4U1908+075 5476 A 1517.84(1438) 40.4 1.10+0.17−0.16 1.40
f . . . . . . 3.28+1.23−0.91 4.77
+0.85
−0.84 1000
f
4U1908+075 5477 B 1289.84(1438) 94.7 0.84+0.25−0.25 1.40
f . . . . . . 1.07+0.84−0.47 21.50
+1.50
−1.10 1000
f
4U1908+075 6336 C 1571.48(1438) 80.0 1.39+0.08−0.08 1.40
f . . . . . . 1.01+0.29−0.27 8.89
+0.44
−0.43 1000
f
Cen X−3 1943 A 1780.34(1434) 100.0 1.05+0.01−0.01 1.40 f . . . . . . 0.74+0.06−0.06 0.09+0.03−0.03 1000 f
Cen X−3 705 B 1565.02(1430) 84.4 0.33+0.04−0.04 1.40 f 1.09+0.13−0.13 −0.57+0.33−0.95 6.84+1.26−1.19 12.41+0.69−0.67 1000 f
Cen X−3 7511 C 1610.44(1428) 99.7 1.59+0.08−0.08 1.40 f 0.24 f −0.75+0.32−1.20 3.14+0.22−0.21 1.34+0.15−0.15 1000 f
Cyg X−1 11044 A 1692.59(1440) 100.0 1.55+0.01−0.01 1.40 f . . . . . . 0.15+0.03−0.03 < 0.01 1000 f
Cyg X−1 1511 F 1576.05(1438) 98.8 1.78+0.03−0.03 1.80 f . . . . . . 0.21+0.08−0.07 0.37+0.14−0.14 1000 f
Cyg X−1 2415 G 2051.46(1440) 100.0 1.70+0.01−0.01 1.40 f . . . . . . 0.12+0.02−0.02 < 0.01 1000 f
Cyg X−1 3407 K 1590.75(1436) 99.9 1.44+0.25−0.23 2.60 f 2.77+0.06−0.04 1.11+0.42−0.36 1.94+2.02−1.25 25.42+5.49−4.97 1000 f
Cyg X−1 3814 M 1471.92(1378) 93.3 1.41+0.02−0.02 2.60 f . . . . . . 4.44+0.79−0.76 0.43+0.09−0.09 1000 f
Cyg X−1 8525 N 1518.46(1348) 99.8 1.40+0.01−0.01 2.60 f . . . . . . 2.94+0.64−0.64 1.01+0.04−0.04 1000 f
Cyg X−1 9847 O 1549.62(1366) 99.8 1.37+0.03−0.03 2.60 f . . . . . . 4.05+1.82−1.05 0.58+0.12−0.12 1000 f
Cyg X−1 3815 P 1921.64(1314) 100.0 1.98+0.02−0.02 2.60 f > 9.76 2.13+0.32−1.36 1.46+0.17−0.17 1.72+0.13−0.12 1000 f
Cyg X−3 101 A 1692.00(1433) 99.9 1.18+0.05−0.05 1.40 f . . . . . . 2.26+0.71−0.56 2.47+0.23−0.23 1000 f
γ Cas 1895 A 1442.21(1374) 61.0 1.72+0.04−0.04 1.40
f . . . . . . 0.44+0.13−0.14 < 0.33 1000
f
GX 301−2 2733 B 2373.86(1405) 100.0 0.37+0.04−0.01 1.40 f . . . . . . 2.87+0.13−0.06 91.79+1.08−0.91 200+2−5
GX 301−2 3433 C 1448.51(1422) 22.3 0.78+0.05−0.06 1.40 f . . . . . . 4.90+0.52−0.52 19.01+0.40−0.44 1000 f
GX 1+4 2710 A 1524.86(1436) 87.5 1.09+0.04−0.04 1.40
f . . . . . . 1.84+0.36−0.28 2.79
+0.19
−0.19 1000
f
GX 1+4 2744 B 1428.65(1438) 26.9 1.24+0.10−0.10 1.40
f . . . . . . 4.22+0.82−0.69 4.11
+0.34
−0.38 1000
f
Her X−1 2703 A 1684.08(1439) 98.9 0.26+0.11−0.11 1.40 f . . . . . . 24.49+6.71−5.59 < 0.19 1000 f
Her X−1 2704 B 1516.57(1439) 91.1 0.94+0.02−0.02 1.40 f . . . . . . 0.98+0.21−0.20 < 0.05 1000 f
Her X−1 2705 C 1640.76(1439) 85.0 0.87+0.14−0.14 1.40 f . . . . . . 8.48+3.11−2.65 < 0.21 1000 f
Her X−1 2749 D 1534.06(1438) 43.2 0.43+0.11−0.11 1.40 f . . . . . . 65.28+11.37−9.63 < 0.28 1000 f
Her X−1 3821 E 1570.57(1439) 94.8 −0.11+0.06−0.06 1.40 f . . . . . . 50.04+7.96−7.11 < 0.39 1000 f
Her X−1 3822 F 1533.52(1436) 33.5 1.10+0.16−0.04 1.40 f 0.31+0.15−0.19 −1.38+0.48−0.04 1.80+2.15−1.67 56.38+9.37−6.47 1000 f
Her X−1 4375 G 1494.95(1439) 75.0 0.98+0.04−0.04 1.40 f . . . . . . 3.40+0.61−0.62 < 0.07 1000 f
Her X−1 4585 H 1472.87(1436) 35.2 2.54+0.90−0.17 1.40 f 0.18+0.25−0.19 −2.71+0.73−0.06 0.03+0.06−0.01 78.86+8.23−24.40 1000 f
Her X−1 6149 I 1670.44(1439) 99.8 0.18+0.04−0.04 1.40 f . . . . . . 14.88+2.00−2.12 < 0.11 1000 f
Her X−1 6150 J 1553.33(1436) 41.5 0.38+0.06−0.06 1.40 f 0.32+0.10−0.11 −0.71+0.32−1.05 6.13+1.19−1.15 52.94+4.00−4.08 1000 f
LMC X−4 9571 A 1588.69(1437) 91.3 0.52+0.06−0.06 1.40 f . . . . . . 5.18+1.66−1.49 < 0.27 1000 f
LMC X−4 9573 B 1066.10(1438) 22.4 0.34+0.20−0.26 1.40 f . . . . . . 126.40+42.45−37.35 < 1.79 1000 f
LMC X−4 9574 C 1295.39(1437) 34.4 0.29+0.19−0.16 1.40 f 0.04+0.19−0.34 −1.83+0.36−0.69 0.92+339.67−0.85 153.91+14.64−12.24 1000 f
OAO 1657−415 12460 A 1341.48(1438) 10.4 0.66 f 1.40 f . . . . . . 1.18 f > 72.06 1000 f
OAO 1657−415 1947 B 1004.77(1438) 85.4 0.70+0.68−0.15 1.40 f . . . . . . 3.97+11.17−1.08 33.52+6.29−2.67 1000 f
Vela X−1 102 A 1360.28(1436) 88.0 0.91+0.28−0.23 1.40 f 0.58+2.00−0.24 −1.87+0.36−0.49 1.60+0.69−0.41 141.47+139.82−14.98 21+6−8
Vela X−1 14654 B 1715.27(1439) 100.0 0.88+0.06−0.06 1.40 f . . . . . . 1.43+0.21−0.18 15.71+0.41−0.41 1000 f
Vela X−1 1926 C 1842.27(1439) 100.0 0.57+0.09−0.10 1.40 f . . . . . . 119.49+15.00−14.94 < 0.34 1000 f
Vela X−1 1927 D 1718.44(1438) 100.0 0.44+0.09−0.03 1.40 f . . . . . . 8.67+1.65−1.04 9.15+0.49−0.23 1000 f
Vela X−1 1928 E 1454.03(1439) 53.9 1.03+0.01−0.01 1.40 f . . . . . . 1.82+0.14−0.13 < 0.74 1000 f
Note. Columns (1) and (2) give the XRB system name, Chandra-HETG observation ID, and associated alphabetical label used in this
paper. Columns (3) and (4) give the best-fit value of the C-statistic, with associated degrees of freedom, and the output of the XSPEC
goodness command for 2000 random realizations of the data. Column (5) gives the photon index for the direct, line-of-sight, zeroth-
order continuum. Column (6) gives the photon index for the Compton-scattered, or “reflected” continuum. Column (7) gives the photon
index for any additional, “soft” power law continuum, and column (8) the ratio of the normalizations of this continuum to that of the
direct continuum. Column (9) gives the relative normalization factor for the Compton-scattered continuum. Columns (10) and (11)
give the equivalent neutral hydrogen column densities of the direct and scattered components, respectively. The line shift and line width
parameters for each fit are shown in Table 4. f : Parameter frozen; t : tied to ΓZ; d.o.f.: degrees of freedom. As explained in the text,
the MYTORUS model has only been applied to those observations in Table 1 that have a significant Fe Kα line detection (∆C ≥ 6.63,
Section 4.3).
For the same reason that NH,S was difficult to constrain, so
was the continuum photon index ΓS, which had to be frozen
at a value at one of the extreme ends of the allowed range
(1.4 in 36 cases, and 2.6 in 6 cases). The line-of-sight column
13
THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES Tzanavaris & Yaqoob
densities (NH,Z) were easier to constrain, and Table 3 shows
that a wide range is found, from 0 to ∼ 1.5× 1024 cm−2.
Acceptable fits are obtained for all the observations, show-
ing that an open, reflection-dominated geometry is generally
viable, and in particular it is needed for the many cases for
which a closed geometery, spherical model fails to explain
the data. However, we stress that we are not inferring a literal
physical interpretation of the data in terms of the MYTORUS
model toroidal reflector, especially since the systematics re-
sulting from limitations on the photon index are absorbed
into the parameter AS. Rather, the success of the reflection-
dominated fits should be seen as paving the way for more
realistic and physically-motivated reflection models to be in-
vestigated in future work.
5.3. Comparison of the Spherical and MYTORUS Fits
From the results in Table 2 and Table 3, we see that for
a given observation, the MYTORUS fit is statistically simi-
lar, or better than the corresponding BN11 fit, except for 5
observations of Her X−1 (obs IDs 2703, 2705, 3821, 4375,
and 6149) and 1 observation of GX 301−2 (obs ID 2733).
The residuals in the MYTORUS fits to the 5 observations of
Her X−1 correspond to excesses of data at the highest en-
ergies, relative to the model. This indicates that it is the re-
striction on the minimum value of the photon index for the
Compton-scattered continuum (ΓS) that is likely the cause
of the MYTORUS fits being somewhat worse than the BN11
fits. In the case of GX 301−2 (obs. ID. 2733), the MY-
TORUS is significantly worse than the BN11 fit, and it can be
seen from the spectral plots in Appendix B that this is be-
cause the MYTORUS predicted model Fe Kα line flux falls
substantially short of the data. There are some observa-
tions in which the MYTORUS fit is only marginally worse
than the BN11 fit, but given the limitations placed on some
of the parameters of the MYTORUS model, we do not in-
terpret these differences as meaningful. We still conclude
that the BN11 model is ruled out in the sources in which
the Fe abundance is required to vary among observations of
the same source. That leaves 4U1908−075 (1 observation)
and 4U1822−371 (3 observations) that are consistent with
BN11 models with non-solar Fe abundance, and GX 301−2
(2 observations) with an Fe abundance within 20% of the
solar value. The BN11 and MYTORUS fits are statistically
similar for 4U1908−075, 4U1822−371, and GX 301−2
(obs. ID. 3433). For GX 301−2 (obs. ID. 2733), as men-
tioned above, the BN11 fit is significantly better than the MY-
TORUS fit. However, for GX 301−2 (obs. ID. 3433), the MY-
TORUS fit is better than the BN11 fit, with C being lower by
121.95 for the MYTORUS fit than for the BN11 fit, despite the
fact that the BN11 model fit has only 2 more free parame-
ters than the MYTORUS fit. The goodness values of the BN11
and MYTORUS fits are 99.6% and 28.3% respectively, further
indicating that the MYTORUS fit is better than the BN11 fit.
Also, from the spectral plots in Appendix B it can be seen
that the poorer fit with the spherical model is due largely to a
significant, broad excess in the ∼ 5–8 keV band compared to
the MYTORUS fit.
5.4. The Fe Kα Line
The Fe Kα line is not detected in 12 observations ac-
cording to the criterion ∆C < 6.63 (see Table 1). Specifi-
cally, the line is not detected in any of the 5 observations
of Cir X−1, and it is not detected in 7 out of 15 of the
Cyg X−1observations.
From the spectral fits described in Section 5.1 (BN11
model) and Section 5.2 (MYTORUS model), the detailed re-
sults for the parameters of the Fe Kα line are shown together
for both models in Table 4. Shown are only results for obser-
vations in which the Fe Kα line was detected (based on the
∆C > 6.63 criterion), and in which, for the BN11 fit, the Fe
abundance did not reach its maximum table value of 10 AFe,
(since the latter condition indicates that the model failed to
fit the Fe Kα line). Since a single number for the quality of
each fit (“goodness” parameter in Table 2 and Table 3) does
not necessarily indicate how well the model profile of the Fe
Kα line fits the data, columns 11 and 12 in Table 4 show
the maximum residual as a percentage of the model value in
the energy range 6.3− 6.5 keV for the BN11 and MYTORUS
models, respectively. In addition, for each observation and
for both of the models, the data overlaid with the fitted mod-
els are shown in Appendix B zoomed in on the energy band
containing the Fe Kα line. The quality of the fits to the de-
tailed Fe Kα line profile are very important because one of
the premises of our study is to determine what the fitted Fe
Kα line model implies for the column density of the global
matter distribution in each observation, and whether the re-
sulting predicted model continuum does not conflict with the
observed spectrum.
5.4.1. Fe Kα Line Shift and Peak Energy
For both the BN11 and MYTORUS models, the fitted shifts
of the Fe Kα line peak energy, ∆E, are shown in Table 4, in
columns 3 and 4, respectively. The equivalent velocity shifts
are shown in columns 5 and 6 of Table 4 for the BN11 and
MYTORUS models, respectively. In Figure 2, panel (a), the
energy shifts from the MYTORUS model are plotted against
the corresponding shifts obtained from the BN11 model. It
can be seen that the shifts from the BN11 model are systemati-
cally higher than those from the MYTORUS model by∼ 3 eV.
However, as explained in Section 4.1, this is expected be-
cause of the less accurate and less detailed representation of
the Fe Kα line in the BN11 model table. Despite the offset, the
relation between the shifts from one model versus the other
follows a linear trend. The shifts are spread in the approxi-
mate range of ±10 eV, with one outlier at 18+12.0−11.1 eV (BN11
model). This supports the origin of the Fe Kα line in essen-
tially neutral matter. The shifts are not biased in the positive
or negative directions. They could be due to systematic errors
in the energy scale, mild ionization, or small velocity shifts.
Mild ionization actually results in a negative shift of up to
∼−10 eV for ionization states up to Fe IX,
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and overall, the range in shifts of ±10 eV constrains the
highest ionization state to be Fe XVII or so (e.g. see Palmeri
et al. 2003; Kallman et al. 2004). As for velocity shifts, a
range of ±10 eV corresponds to an equivalent velocity shift
of ±466 km s−1.
5.4.2. Fe Kα Line Flux and Equivalent Width
The flux of the Fe Kα line for each observation and for
each of the two models (BN11 and MYTORUS) is given in
columns 13 and 14 of Table 4. Also given in Table 4 are the
EW values of the Fe Kα line for each observation and each
model (columns 15 and 16). The fluxes and EWs were de-
rived using the methods decribed in Section 4.6, and Table 4
includes those observations for which the Fe abundance in
the BN11 spherical model fits reached the maximum value of
10 AFe,. The BN11 model parameters for these observations
are given for reference only and are not meaningful because
the model did not fit the Fe Kα line (they can be identified
in Table 4 by the fact that their BN11 parameters have no sta-
tistical errors). The Fe Kα line fluxes and EW values from
the MYTORUS model are therefore the most reliable for ex-
amining consistently derived values for the largest number
of sources in the sample. These Fe Kα line fluxes span a
range of a factor of ∼ 170 from ∼ 0.5 to 87× 10−4 pho-
tons cm−2 s−1, and the EW values span a range of a factor of
∼ 120, from∼ 15 eV to∼ 1.9 keV. In Figure 2, panel (e), we
show the EW measurements from the MYTORUS model ver-
sus those from the BN11 model, for those observations that
had valid measurements of EW from the BN11 model. The
agreement with the line of equality in the diagram demon-
strates the consistency of the EW values inferred from the
two models for this subset of the observations. In general,
large values of the EW of the order of 1 keV or higher are as-
sociated with reflection-dominated X-ray spectra regardless
of geometry, and smaller values of EW of the order of 10s of
eV are associated with spectra that are dominated by a direct
continuum that swamps the reflection continuum.
In Figure 2, panel (f), we show the EW measurements from
the MYTORUS model versus those from the Gaussian model-
ing of T10 (their Table 2) for the 26 observations that have
valid results in both papers. There appears to be consistency
of the EW values inferred from these two models for this
subset of the observations as well, although for ten observa-
tions at EW values < 200 eV the T10 values are too low with
respect to the line of equality even when quoted errors are
taken into account. However, we do not expect agreement
between the T10 and MYTORUS EW values in every case be-
cause (a) in many cases T10 fix the line width to unresolved
(σL = 0.005 A˚), and (b) they do not include a Compton shoul-
der.
An inspection of column (16) in Table 4 reveals that five
observations show extreme values of EWMYtorus ≥ 400 eV4 .
These extreme EW values are consistent with variability in
the line-of-sight extinction of the direct continuum for all of
these sources, associated with absorption clumps in the line
of sight, located in the stellar wind from the non-compact
companion, on the companion surface, and/or an accretion
disk. Although these large values appear across fitted mod-
els, including the BN11 model and the Gaussian Fe Kα mod-
eling of T10, it is worth noting that the decoupled MYTORUS
setup used here, specifically mimics a clumpy reprocessor
distribution. These observations and the interpretation of the
EW values are discussed in greater detail in Section A.9 for
GX 301−2 (obs. ID. 2733), Section A.11.4 for Her X−1
(obs. ID. 2749), Section A.12 for LMC X−4 (obs. ID. 9573),
Section A.13 for OAO 1657−415 (obs. ID. 12460), Sec-
tion A.14.1 for Vela X−1 (obs. ID. 102) and Section A.14.3
for Vela X−1 (obs. ID. 1926).
5.4.3. Fe Kα Line Width
The Fe Kα line width parameter σL (see Section 4.5) is
shown in columns 7 and 8 of Table 4 for the BN11 and MY-
TORUS models, respectively. The corresponding pairs of
FWHM are shown in columns 9 and 10. In Figure 2, panel
(b), we show the FWHM obtained from the MYTORUS model
plotted against the FWHM obtained from BN11 model, for
those observations for which both a lower and upper bound
could be obtained for both models. In the remaining cases
there is either only an upper limit on the FWHM or else it
could not be constrained and was fixed at 100 km s−1. It
can be seen from Figure 2, panel (b), that the FWHM val-
ues obtained from the MYTORUS model are systematically
smaller than the corresponding values obtained from the BN11
model. This is expected because, as explained in Section 4,
the implementation of the Fe Kα in the MYTORUS model
tables is more accurate than that in the BN11 model table.
The latter represents the Fe Kα line as a single component,
whereas the MYTORUS model represents the line as the Kα1
and Kα2 doublet, each component of the doublet having its
own Compton shoulder. Also, the energy grid points repre-
senting the Fe Kα line in the BN11 model are much coarser
than those in the MYTORUS model. Therefore, hereafter, we
take the FWHM values from the MYTORUS model as provid-
ing the best indicators of the velocity dispersion of the matter
distribution responsible for producing the Fe Kα line. The
approximate range in FWHM among the observations repre-
sented in Figure 2, panel (b), is ∼ 1000−5000 km s−1. The
distributions of FWHM measurements in histogram form are
shown in Figure 2, panel (c). The histograms do not include
observations for which the FWHM has lower and/or upper
bounds for only one of the models.
4 A sixth observation with an extreme value, LMC X−4 (obs. ID. 9574), has
an upper 90% EW uncertainty that is too large, and is not shown in panels
(e) and (f) of Figure 2.
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Table 5. Continuum fluxes
Source obs. f2−10,c,obs f2−10,c,intr L2−10,c,obs L2−10,c,intr
(log erg cm−2 s−1) (log erg cm−2 s−1) (log erg s−1) (log erg s−1)
BN11 MYT BN11 MYT BN11 MYT BN11 MYT
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
4U1700−37 657 A −9.09 −9.09 −8.88 −8.87 35.45 35.45 35.66 35.67
4U1822−371 671 A −9.21 −9.19 −9.15 −9.15 31.87 31.88 31.93 31.92
4U1822−371 9076 B −9.24 −9.25 −9.20 −9.20 31.83 31.83 31.87 31.87
4U1822−371 9858 C −9.24 −9.23 −9.19 −9.19 31.84 31.84 31.88 31.88
4U1908+075 5476 A −9.62 −9.62 −9.48 −9.49 34.62 34.63 34.76 34.76
4U1908+075 5477 B −10.15 −10.14 −9.77 −9.75 34.09 34.10 34.48 34.49
4U1908+075 6336 C −9.97 −9.97 −9.75 −9.73 34.27 34.27 34.49 34.51
Cen X−3 1943 A −8.19 −8.20 −8.16 −8.17 37.69 37.69 37.72 37.71
Cen X−3 705 B −9.60 −9.60 −9.58 −9.43 36.29 36.29 36.30 36.46
Cen X−3 7511 C −8.82 −8.85 −8.88 −9.27 37.06 37.04 37.00 36.61
Cir X−1 12235 A −9.71 −9.70 −9.59 −9.60 30.52 30.54 30.65 30.63
Cir X−1 1905 B −7.79 −7.79 −7.71 −7.70 32.45 32.44 32.53 32.54
Cir X−1 1906 C −7.77 −7.77 −7.69 −7.69 32.47 32.46 32.54 32.55
Cir X−1 1907 D −7.90 −7.90 −7.81 −7.80 32.34 32.33 32.42 32.43
Cir X−1 8993 G −10.65 −10.65 −10.53 −10.51 29.59 29.59 29.71 29.72
Cyg X−1 11044 A −8.22 −8.22 −8.22 −8.22 35.58 35.58 35.57 35.57
Cyg X−1 12313 B −7.37 −7.38 −7.69 −7.72 36.42 36.42 36.11 36.08
Cyg X−1 12314 C −7.61 −7.61 −7.61 −7.61 36.19 36.19 36.18 36.18
Cyg X−1 12472 D −7.52 −7.51 −8.11 −8.11 36.28 36.29 35.69 35.69
Cyg X−1 13219 E −7.66 −7.66 −8.03 −8.03 36.14 36.14 35.76 35.77
Cyg X−1 1511 F −8.23 −8.23 −8.22 −8.22 35.56 35.56 35.57 35.58
Cyg X−1 2415 G −8.06 −8.08 −8.50 −8.08 35.73 35.71 35.29 35.71
Cyg X−1 2741 H −7.57 −7.57 −7.83 −7.87 36.22 36.22 35.96 35.93
Cyg X−1 2742 I −7.54 −7.56 −7.82 −7.66 36.25 36.24 35.98 36.14
Cyg X−1 2743 J −7.89 −7.88 −8.35 −8.41 35.91 35.91 35.44 35.39
Cyg X−1 3407 K −7.79 −7.79 −7.93 −8.12 36.01 36.00 35.87 35.67
Cyg X−1 3814 M −8.25 −8.25 −8.24 −8.24 35.54 35.54 35.55 35.55
Cyg X−1 8525 N −8.26 −8.26 −8.23 −8.23 35.54 35.53 35.57 35.56
Cyg X−1 9847 O −8.16 −8.16 −8.15 −8.15 35.63 35.63 35.65 35.65
Cyg X−1 3815 P −8.01 −8.01 −7.96 −7.96 35.79 35.79 35.83 35.83
Cyg X−3 101 A −8.48 −8.49 −8.40 −8.40 35.73 35.73 35.82 35.81
γ Cas 1895 A −9.80 −9.80 −9.76 −9.78 33.50 33.51 33.54 33.53
GX 301−2 2733 B −8.99 −8.93 −8.16 −7.83 31.54 31.60 32.37 32.70
GX 301−2 3433 C −8.84 −8.84 −8.53 −8.51 31.69 31.70 32.01 32.03
GX 1+4 2710 A −9.75 −9.75 −9.67 −9.67 31.93 31.93 32.00 32.00
GX 1+4 2744 B −9.19 −9.19 −9.08 −9.10 32.48 32.49 32.60 32.58
Her X−1 2703 A −9.70 −9.72 −9.17 −9.75 30.83 30.82 31.36 30.79
Her X−1 2704 B −8.71 −8.70 −8.69 −8.70 31.83 31.83 31.84 31.83
Her X−1 2705 C −10.28 −10.36 −9.82 −10.39 30.26 30.17 30.71 30.14
Her X−1 2749 D −10.34 −10.33 −10.09 −10.43 30.19 30.20 30.45 30.11
Her X−1 3821 E −9.73 −9.71 −9.53 −9.74 30.80 30.83 31.00 30.80
Her X−1 3822 F −9.68 −9.68 −9.45 −9.19 30.86 30.86 31.09 31.34
Her X−1 4375 G −9.20 −9.20 −9.55 −9.22 31.34 31.33 30.99 31.32
Her X−1 4585 H −9.33 −9.32 −8.60 −8.44 31.20 31.21 31.94 32.10
Her X−1 6149 I −9.24 −9.22 −8.72 −9.24 31.29 31.31 31.81 31.30
Her X−1 6150 J −9.75 −9.72 −9.10 −9.34 30.78 30.81 31.43 31.19
LMC X−4 9571 A −10.03 −10.04 −10.31 −10.04 31.91 31.90 31.63 31.90
LMC X−4 9573 B −11.32 −11.33 −10.89 −11.47 30.62 30.61 31.05 30.47
LMC X−4 9574 C −10.83 −10.82 −10.37 −9.43 31.11 31.12 31.57 32.51
OAO 1657−415 12460 A −10.62 −10.79 −9.59 −8.58 30.06 29.89 31.09 32.10
OAO 1657−415 1947 B −9.67 −9.67 −9.24 −9.16 31.01 31.01 31.44 31.52
Vela X−1 102 A −10.95 −10.74 −10.56 −9.51 29.57 29.78 29.96 31.01
Vela X−1 14654 B −8.96 −8.95 −8.67 −8.65 31.56 31.56 31.85 31.87
Vela X−1 1926 C −10.87 −10.85 −10.41 −11.04 29.65 29.67 30.10 29.48
Vela X−1 1927 D −8.70 −8.68 −8.53 −8.52 31.82 31.84 31.98 32.00
Vela X−1 1928 E −8.52 −8.51 −8.48 −8.49 32.00 32.00 32.04 32.02
Note. Columns (1) and (2) give the XRB system name, Chandra-HETG observation ID, and
associated alphabetical label used in this paper. Except for columns (1) and (2), columns
show pairs of results for the same parameter in the spherical (BN11) and MYTORUS (MYT)
model. The energy band for all quantities is 2−10 keV (Section 4.7). Thus, columns (3) and
(4) give the total observed continuum flux, and columns (5) and (6) the total intrinsic con-
tinuum flux. Columns (7) and (8) give the observed luminosities corresponding to the fluxes
in columns (3) and (4), and columns (9) and (10) the intrinsic luminosities corresponding to
the fluxes in columns (5) and (6).
In order to determine more rigorously whether the Fe Kα
line is resolved in a given observation, we must take into con-
sideration the fact that the Compton shoulder of the Fe Kα
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line has a direct impact on the inferred velocity width. Since
the strentgh of the Compton shoulder relative to the line core
depends on the column density of the material in which the
line is formed, we examine confidence contours of FWHM
(from the MYTORUS model) versus the MYTORUS column
density, NH,S. The MYTORUS model self-consistently calcu-
lates the Compton shoulder for each component of the Fe
Kα doublet so there is no arbitrary ad hoc parameter con-
trolling the magnitude of the shoulders relative to the line
cores. The two-parameter confidence contours of FWHM
versus NH,S (for 68%, 90%, and 99% confidence) are shown
in Appendix C for every observation in which the Fe Kα line
was detected. At 99% confidence, we can infer the follow-
ing. The contours show that the Fe Kα line is unresolved
in all of the observations of 5 sources, namely 4U1700−37,
γ Cas, GX 1+4, OAO 1657−415, and Vela X−1. They
also show that the Fe Kα line is resolved in all observa-
tions of 2 sources, namely Cyg X−3 and GX 301−2. In
5 sources the Fe Kα line is resolved in some of the observa-
tions and unresolved in the remaining observations of a given
source. These 5 sources are 4U1822−371, 4U1908−075,
Cen X−3, Her X−1 and LMCX−4, and the upper limits
on the FWHM for the unresolved line cases are in the range
∼ 2000−5000 km s−1. The contours for Cyg X−1 show that
the Fe Kα line is resolved in 2 observations of the source, but
the FWHM had to be fixed at 100 km s−1 in 4 of the remain-
ing 6 observations because it could not be constrained. In
Cir X−1, the Fe Kα line was not detected in any of the ob-
servations.
5.5. Continuum
As described in Sections 4.2 and 5.1, many of the X-ray
spectra in the sample are very hard with a photon index< 1.5,
and in some cases the photon index reaches the lower limit
of 1.0 of the BN11 table model. Although such flat spectra are
not unusual for the sources in the sample, the fitted models
may only be empirical descriptions, and the photon indices
are often very poorly constrained due to the lack of data be-
yond the Chandra HETG bandpass.
Thus, continuum fluxes and luminosities based on the ex-
trapolation of the model spectra beyond ∼ 10 keV would not
be reliable. We give the 2–10 keV observed and intrinsic
continuum fluxes and luminosities for both the BN11 and MY-
TORUS models in Table 5 (see Section 4.7 for details of how
they are derived). In Figure 2, panel (d), we show the ob-
served and intrinsic continuum fluxes from the MYTORUS
model against the corresponding quantities obtained from the
BN11 model fits. The fluxes span a range of ∼ 4 orders of
magnitude, from ∼ 0.03 to ∼ 300× 10−10 ergs cm−2 s−1.
As expected there is good agreement between the observed
fluxes from the BN11 and MYTORUS models because all mod-
els that give good fits to the data should empirically return
consistent fluxes since the models have to follow the same
data. However, intrinsic fluxes (i.e. corrected for absorption
and reflection) are highly model-dependent. In the case of
the BN11 and MYTORUS models, the intrinsic luminosties are
most divergent when the two models involve very different
magnitudes of absorption and/or reflection.
5.6. Line-Emitting Region Size Constraints
Although the kinematics of the matter distribution produc-
ing the Fe Kα line is unknown, we can perform a simple
exercise to estimate the size of the matter distribution under
the assumption of Keplerian motion. Specifically, we can use
Fe Kα line FWHM measurements derived in Section 5.4.3,
combined with mass estimates of the central compact object,
assuming that the line-emitting material is virialized (e.g., as
in Shu et al. 2011). If the velocity dispersion is 〈v2〉, the dis-
tance, r of this material to a compact object of mass MCO can
be estimated via the relation GMCO = r〈v2〉. Further assum-
ing that the velocity dispersion is related to FWHM veloc-
ity by 〈v2〉 = 34v2FWHM (as in Netzer et al. 1990), we obtain
r = 4c
2
3v2FWHM
rg, where the gravitational radius rg = GMCO/c2.
The results of the calculations are shown in Table 6, in which
columns 3 and 4 show the radius in gravitational radii units
for the BN11 and MYTORUS models respectively. The radius
of the line-emitting region in units of gravitational radii does
not of course depend on the mass of the compact object. The
calculated radii range from thousands to tens of thousands
gravitational radii. In order to estimate the radii in absolute
units, we searched the literature and compiled mass estimates
of the compact object for each source in our sample. The
masses and references to the literature are shown in Table 6.
Since, in many cases, a range in mass estimates exists for a
give source, resulting from different studies, we performed
calculations for the lowest available mass estimate (MCO,1,
giving a radius r1), and for the highest available mass esti-
mate (MCO,2, giving a radius r2). Values of r1 for the two
models are shown in columns 6 and 7 of Table 6, and values
of r2 are shown in columns 9 and 10 of Table 6. The values
of r1 and r2 are typically of the order of 105 km.
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Table 6. FWHM and deduced radius of line emitting region for the Fe Kα line
Source obs. r MCO,1 r1 MCO,2 r2
(105rg) (M) (105 km) (M) (105 km)
BN11 MYT BN11 MYT BN11 MYT
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
4U1700−37 657 A 0.736+0.544−0.252 > 1.261 1.96±0.191 2.129+1.576−0.728 > 3.651 2.44±0.272 2.651+1.962−0.907 > 4.545
4U1822−371 671 A 0.203+0.268−0.088 0.416+4.005−0.240 0.97±0.243 0.291+0.384−0.127 0.596+5.738−0.343 2.324 0.695+0.919−0.303 1.426+13.724−0.821
4U1822−371 9076 B 0.268+0.220−0.114 0.451+0.951−0.233 0.97±0.243 0.384+0.315−0.163 0.646+1.363−0.334 2.324 0.918+0.753−0.389 1.545+3.260−0.798
4U1822−371 9858 C 0.377+0.269−0.143 0.584+1.020−0.284 0.97±0.243 0.541+0.385−0.205 0.837+1.461−0.406 2.324 1.293+0.921−0.490 2.002+3.494−0.972
4U1908+075 5476 A 0.153+0.177−0.077 0.198
+0.367
−0.104 1.4
c 0.315+0.366−0.159 0.410
+0.758
−0.214
4U1908+075 5477 B > 0.533 > 1.064 1.4c > 1.102 > 2.200
4U1908+075 6336 C 0.271+0.595−0.160 0.384
+2.183
−0.243 1.4
c 0.560+1.230−0.331 0.795
+4.514
−0.503
Cen X−3 1943 A . . .a 1.227+4.317−0.620 1.21±0.215 . . .a 2.192+7.715−1.108 1.57±0.161 . . .a 2.845+10.010−1.438
Cen X−3 705 B 0.231+0.205−0.101 0.360+0.825−0.189 1.21±0.215 0.413+0.367−0.180 0.643+1.475−0.338 1.57±0.161 0.536+0.476−0.234 0.835+1.914−0.439
Cen X−3 7511 C . . .a 0.391+0.168−0.106 1.21±0.215 . . .a 0.698+0.300−0.190 1.57±0.161 . . .a 0.906+0.389−0.246
Cyg X−1 3814 M . . .a 0.191+0.260−0.096 10.16 . . .a 2.846+3.876−1.436 14.8±1.08 . . .a 4.171+5.680−2.104
Cyg X−1 9847 O 0.051+0.174−0.026 > 0.053 10.16 0.767+2.593−0.395 > 0.787 14.8±1.07 1.124+3.800−0.579 > 1.154
Cyg X−1 3815 P 0.108+0.067−0.041 0.140+0.103−0.056 10.16 1.618+1.003−0.609 2.083+1.531−0.830 14.8±1.07 2.371+1.470−0.893 3.052+2.244−1.217
Cyg X−3 101 A . . .a 0.083+0.076−0.041 1.08 . . .a 0.123+0.112−0.060 8.08 . . .a 0.982+0.896−0.483
γ Cas 1895 A . . .a > 0.148 0.49 . . .a > 0.087 1.910 . . .a > 0.415
GX 301−2 2733 B 0.978+0.155−0.118 5.806+6.015−2.364 1.3512 1.949+0.309−0.236 11.578+11.995−4.714 2.4±0.711 3.465+0.549−0.420 20.584+21.324−8.381
GX 301−2 3433 C 0.725+0.153−0.116 3.059+4.225−1.266 1.85±0.611 1.982+0.418−0.317 8.360+11.546−3.459 2.4±0.711 2.571+0.542−0.411 10.845+14.978−4.487
GX 1+4 2710 A > 0.467 > 0.540 1.3512 > 0.930 > 1.077
GX 1+4 2744 B . . .a > 1.755 1.3512 . . .a > 3.500 . . .a
Her X−1 2705 C > 0.127 > 0.088 1.313 > 0.244 > 0.169 1.713 > 0.319 > 0.221
Her X−1 2749 D . . .a > 0.840 1.313 . . .a > 1.613 1.713 . . .a > 2.109
Her X−1 3821 E 0.490+0.565−0.212 0.498+0.701−0.230 1.313 0.940+1.084−0.406 0.957+1.345−0.442 1.713 1.229+1.418−0.531 1.251+1.759−0.578
Her X−1 3822 F 0.346+0.252−0.130 0.646+1.355−0.314 1.313 0.664+0.485−0.249 1.241+2.602−0.603 1.713 0.868+0.634−0.326 1.622+3.402−0.788
Her X−1 4375 G 0.128+0.226−0.079 0.069+0.154−0.038 1.313 0.245+0.433−0.152 0.132+0.296−0.073 1.713 0.320+0.567−0.199 0.172+0.388−0.095
Her X−1 4585 H 0.104+0.196−0.055 > 0.167 1.313 0.200+0.377−0.105 > 0.322 1.713 0.262+0.493−0.137 > 0.421
Her X−1 6149 I 0.243+0.218−0.103 0.178+0.130−0.066 1.313 0.466+0.419−0.198 0.343+0.250−0.127 1.713 0.609+0.549−0.259 0.448+0.327−0.166
Her X−1 6150 J 0.503+0.982−0.268 0.627+1.768−0.331 1.313 0.965+1.885−0.514 1.203+3.395−0.636 1.713 1.262+2.465−0.672 1.573+4.439−0.831
LMC X−4 9571 A > 0.200 > 0.104 1.25±0.1114 > 0.369 > 0.191 1.57±0.111 > 0.463 > 0.240
LMC X−4 9573 B . . .a 0.160+0.342−0.083 1.25±0.1114 . . .a 0.295+0.631−0.153 1.57±0.111 . . .a 0.370+0.793−0.192
OAO 1657−415 12460 A . . .a > 0.494 1.74±0.301 . . .a > 1.270 1.42±0.2615 . . .a > 1.037
OAO 1657−415 1947 B 0.424+0.835−0.250 > 0.214 1.74±0.301 1.091+2.146−0.643 > 0.549 1.42±0.2615 0.890+1.751−0.524 > 0.448
Vela X−1 102 A . . .a > 0.515 1.77±0.0816 . . .a > 1.347 2.12±0.162 . . .a > 1.613
Vela X−1 14654 B 0.673+0.403−0.215 > 1.357 1.77±0.0816 1.759+1.055−0.562 > 3.547 2.12±0.162 2.107+1.263−0.673 > 4.248
Vela X−1 1927 D 1.313+0.659−0.379 119.892 f 1.77±0.0816 3.433+1.724−0.991 313.448 f 2.12±0.162 4.112+2.065−1.187 375.429 f
Vela X−1 1928 E > 1.873 > 1.925 1.77±0.0816 > 4.897 > 5.034 2.12±0.162 > 5.865 > 6.029
Note. Cases for which the FWHM was frozen in the fit are not included, unless FWHM errors were obtained for one of the models. Columns (1) and (2) give
the XRB system name, Chandra-HETG observation ID, and associated alphabetical label used in this paper. Columns (3), (4), (6), (7), (9) and (10) show pairs of
results for the same parameter in the spherical (BN11) and MYTORUS (MYT) model. Columns (3) and (4) give the radius r in units of 105rg, where the gravitational
radius rg = GMCO/c2. Column (5) gives the lowest compact object mass estimate, MCO,1, available in the literature. Columns (6) and (7) give the radius in km,
assuming the MCO,1 value from column (5). Column (8) gives the highest compact object mass estimate, MCO,2, if available in the literature. Columns (9) and
(10) give the radius in km, assuming the MCO,2 value from column (8), where available. Letter notes are as in Table 2, except for c, indicating that a “canonical”
compact object mass was assumed. MCO,1 and MCO,2 references- 1: Falanga et al. (2015), 2: Clark et al. (2002), 3: Jonker et al. (2003), 4: Mun˜oz-Darias et al.
(2005), 5: Ash et al. (1999), 6: Herrero et al. (1995), 7: Orosz et al. (2011), 8: Vilhu et al. (2009); 9: Smith et al. (2012); 10: Harmanec et al. (2000); 11: Kaper et al.
(2006); 12: Hinkle et al. (2006); 13: Leahy & Abdallah (2014); 14: van der Meer et al. (2007); 15: Mason et al. (2012); 16: Rawls et al. (2011).
6. Summary and Conclusions
In the present work, we tested two specific conclusions of
a study by Torrejo´n et al. (2010) of the Chandra High En-
ergy Grating (HEG) spectra of 14 X-ray binaries that exhibit
Fe Kα line emission from matter surrounding the accretion
flow onto the compact object in each source. The first is their
conclusion that all observations of the 14 sources were con-
sistent with the Fe Kα line originating in a uniform spher-
ical distribution of matter with solar Fe abundance. How-
ever, this conclusion was based on ad hoc models that did
not self-consistently treat the Fe Kα line emission, abso-
prtion, and Compton scattering. Their second conclusion
was that all of the Fe Kα emission lines were unresolved
by the HEG (which has a spectral resolution ∼ 1860 km s−1
FWHM at 6.4 keV). In our study we used 56 HEG obser-
vations of the same 14 sources on which the conclusions of
Torrejo´n et al. (2010) were based. However, instead of us-
ing unphysical, ad hoc models we applied the Brightman &
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Nandra (2011) self-consistent model of a spherical, uniform
distribution of matter to the spectra. We also tested the data
against a solar-abundance Compton-thick toroidal reflector
model (implemented with the MYTORUS model of Murphy
& Yaqoob 2009). In addition, we rigorously investigated the
confidence contours of the FWHM of the Fe Kα line versus
the global column density for both models. Our results can
be summarized as follows.
1. The Fe Kα line was not detected in all 5 observations
of Cir X−1, and 7 out of 15 observations of Cyg X−1.
2. Only 1 source out of the 14, GX 301−2, is consistent
with a uniform spherical distribution of matter with the
abundance of Fe within 20% of the solar value. How-
ever, 1 of the 2 observations of GX 301−2 is better
described by a solar-abundance, Compton-thick reflec-
tion model.
3. Two sources, 4U1700−37 and 4U1822−371, are con-
sistent with a uniform spherical distribution with a
non-solar Fe abundance. This abundance relative to
solar is ∼ 0.6 for 4U1700−37 and ∼ 3 for all 3 obser-
vations of 4U1822−371.
4. A uniform, spherical distribution of matter is ruled out
for the remaining 11 sources because a variable Fe
abundance among different observations is required.
Of these 11 sources, 5 have at least one observation
that happens to have an abundance of Fe that is within
20% of the solar value.
5. There are 20 observations of 9 sources for which the
Fe abundance in the uniform spherical model reached
10 AFe,, the maximum value allowed by the model.
These 9 sources are among the 11 that are already re-
jected on the basis that the Fe abundance is required to
vary between observations.
6. The Fe Kα line is unresolved in all of the observations
of 5 sources, namely 4U1700−37, γ Cas, GX 1+4,
OAO 1657−415, and Vela X−1.
7. The Fe Kα line is resolved in all observations of 2
sources, namely Cyg X−3 and GX 301−2.
8. In 5 sources the Fe Kα line is resolved in some of
the observations and unresolved in the remaining ob-
servations of a given source. These 5 sources are
4U1822−371, 4U1908−075, Cen X−3, Her X−1,
and LMCX−4.
9. In Cyg X−1, among the observations in which the Fe
Kα line was detected, it was resolved in 2 observa-
tions, but the line width could not be constrained and
had to be fixed in 4 out of the 6 remaining observations.
10. Among the observations in which the Fe Kα line was
resolved, the FWHM covers a wide range, ∼ 1000−
5000 km s−1.
11. If the matter distribution is virialized, the FWHM mea-
surements imply a size range of thousands to tens of
thousands gravitational radii. Using black-hole and
neutron-star mass estimates in the literature, this typ-
ically corresponds to a range of ∼ 3× 104 km to ∼
4×105 km.
12. The spherical X-ray reprocessor model of Brightman
& Nandra (2011) introduces artificial energy shifts and
broadening of the Fe Kα line when fitted to HETG
data because of the over-simplified implementation of
the Fe Kα line in this model. Specifically, the energy
grid in the model table covering the Fe Kα line is too
coarse, and the Fe Kα line is modeled as a single com-
ponent instead of the doublet, with components Kα1
and Kα2 that are separated by∼ 13 eV. The MYTORUS
model implements a much more accurate treatment of
the Fe Kα line and so does not suffer from these sys-
tematic effects.
13. Although the MYTORUS model provides a better or sta-
tistically similar fit for the majority of observations,
there are limitations in the MYTORUS model and the
energy bandpass of the HEG data that are important
to address in future work. Our results should be inter-
preted as a motivation to apply more physically realis-
tic models to spectra with a wider bandpass, while still
retaining sufficient spectral resolution and throughput
in the Fe K band.
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Appendix A
Details on Individual Sources and Observations
This Appendix presents specific details on spectral fitting
of individual observations for all targets in this paper, as well
as some historical information and context for each source.
Our results are based on fitting the uniform spherical model
(see Section 4.1) and the MYTORUS toroidal X-ray reproces-
sor model (see Section 4.2). We do not directly compare the
various column densities we obtain from our fits with previ-
ous work on the same data that applied ad hoc, phenomeno-
logical models because such a comparison is not meaning-
ful. Only column densities obtained with the same model are
comparable but none of the previous works on the sources
in our sample apply the models that we do. We also note
that the precision of Fe Kα line EW values in T10 is over-
stated compared to the statistical errors, but we nevertheless
quote exact values given by T10 whenever we compare our
EW values with those of T10. We note that existing X-ray
spectroscopy in the literature for some observations of some
of the sources was performed on spectra selected by orbital
phase rather than by observation IDs. Phase-resolved spec-
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troscopy is beyond the scope of our present study, whose pri-
mary goal is to test the assertion by T10 that the circumstellar
matter distribution in all of the X-ray binaries in our sample
is consistent with a uniform, solar-abundance sphere. If the
assertion is true, the orbital phase should be irrelevant. How-
ever, accounting for observation phase can help understand
the extreme EW values (EWMYtorus ≥ 400 eV) registered for
six of these observations (Section 5.4.2). Thus, in the in-
terest of completeness some phase-resolved spectroscopy re-
sults are taken into account in the discussion of these specific
observations below.
In the MYTORUS spectral fits, unless otherwise stated, the
toroidal column density, NH,S, is fixed at 1025 cm−2 because
in most cases the limited bandpass of the data makes this
parameter poorly constrained, leading to unstable fits.
In some of the spectra, in addition to the basic X-ray repro-
cessor model and its associated fluorescent emission lines,
additional emission lines are detected due to ionized Fe.
These are discussed on a case-by-case basis whenever the
data required the additional model components. The param-
eters for these extra emission lines are not given for the sake
of clarity of presentation of the complex results. Moreover,
those paramaters do not affect our inferences of the proper-
ties of the matter distribution producing the Fe Kα emission
line, which is the primary focus of our study.
Regarding our analysis results, when we refer to the Fe
Kα line being resolved by the HEG we specifically mean
that the two-parameter, 99% confidence contour of FWHM
versus NH,S (the equatorial column density in the MYTORUS
model) is greater than zero. We showed in Section 4 that
the Fe Kα line width derived from the MYTORUS is more
accurate than that derived from the BN11 model because the
implementation of the Fe Kα line profile in the BN11 model is
compromised by approximations discussed in Section 4. The
spectral resolution of the HEG is ∼ 1860 km s−1 FWHM at
6.4 keV. Most of our Fe Kα line width measurements can-
not be compared with previous work because the HEG line
width for the sources in our sample has not been rigorously
measured before for most of the sources in the sample.
In the last few years, a number of papers have presented
analyses for some of these objects using broadband X-ray
data from missions such as NuSTAR or Suzaku. Thus Jai-
sawal & Naik (2015) analyze Suzaku data for 4U1700−37;
Sasano et al. (2014) analyze Suzaku data for 4U1822−371;
Naik et al. (2011) analyze Suzaku, and Farinelli et al. (2016)
Suzaku and NuSTAR data for Cen X−3; Tomsick et al. (2014)
and Parker et al. (2015) analyze Suzaku and NuSTAR data
for Cyg X−1, while Walton et al. (2016) NuSTAR-only data
for the same object; Suchy et al. (2012) analyze Suzaku data
for GX 301−2; Yoshida et al. (2017) analyze Suzaku data
for GX 1+4; Fu¨rst et al. (2013) and Wolff et al. (2016) an-
alyze NuSTAR, and Farinelli et al. (2016) Suzaku and NuS-
TAR data for Her X−1; Shtykovsky et al. (2017) analyze
NuSTAR, and Hung et al. (2010) Suzaku data for LMCX−4;
Jaisawal & Naik (2014) and Pradhan et al. (2014) analyze
Suzaku data for OAO 1657−415; and Maitra & Paul (2013)
analyze Suzaku data for Vela X−1.
None of these works use either the BN11 or the MYTORUS
model employed in the present paper. It is also important to
stress that the photon indices in these papers are not directly
comparable to ours, which reflect a limited energy range, and
cannot be extrapolated to calculate fluxes and luminosities
over more extended energy ranges.
A.1 4U1700−37
This is a supergiant, eclipsing XRB with a single HETG
observation in our sample, obs. ID. 657. There is debate in
the literature for the type, as well as the mass, of the com-
pact object. The most recent result is for a neutron star by
Falanga et al. (2015), with MCO ∼ 2 M, based on more than
ten years of monitoring observations with RXTE and INTE-
GRAL to refine orbital parameter determination. We also use
the earlier determination of Clark et al. (2002) of a higher
mass (∼ 2.4 M), suggesting that this compact object is in
a grey area between high-mass neutron stars and low-mass
black holes. This work is based on a detailed non-LTE analy-
sis of the ultraviolet and optical spectrum of the O-type high-
mass donor of this system.
Boroson et al. (2003) analyze the same HETG observa-
tion as in our sample, splitting it into three segments, namely
“flaring” (F), “quiescent” (Q), and “ending” (E). They fur-
ther subdivide F to a “high” (H) and “low” (L) state, and
E to an EL state. The Fe Kα line centroid energy ranges
from 1.936±0.001A˚ to 1.940±0.002A˚ (or 6.391±0.007−
6.404± 0.003 keV), and the FWHM from 900± 400 to
2200±700 km s−1 for E and F, respectively. The line is unre-
solved in their EL state. The line flux ranges from 3.50±1.30
to 14.0±3.00 ×10−4 photons cm−2 s−1 for EL and FH, re-
spectively (Boroson et al. 2003 did not give EW values).
For this observation T10 obtained a line centroid of
1.9386± 0.0006 A˚ (6.3955± 0.0020 keV), a line flux of
8.70 ± 0.81 × 10−4 photons cm−2 s−1, and an EW of
70.19±6.45 eV.
In our analysis, the BN11 model fits the data well with an
iron abundance of ∼ 0.6 solar. Although the Fe Kα line is
resolved in the BN11 fit, in the MYTORUS fit the Fe Kα line is
unresolved, with an upper limit on the FWHM of 975 km s−1.
Overall, there are two distinct solutions for the MYTORUS
fit, one with a low value of NH,S and one with a high value
(∼ 0.4 and ∼ 2.6× 1024 cm−2 respectively). We choose
the low-NH,S solution for which we give fit results, as this
corresponds to a larger, more conservative σL and FWHM
upper limit5 . The Fe Kα line fluxes from both BN11 and
MYTORUS fits are consistent with those obtained by Boro-
son et al. (2003) and T10, both of which used ad hoc, phe-
nomenological models, and our Fe Kα EWs are consistent
with the value given by T10.
van der Meer et al. (2005) calculate intrinsic fluxes in
the 0.3− 11.5 keV band with XMM-Newton, ranging from
∼ 10−10 to ∼4.9×10−9 erg cm−2 s−1, depending on model
5 Note that, unlike a few other cases with two possible NH,S solutions, the
high-NH,S solution here does not reach the MYTORUS model’s upper bound,
1025 cm−2, which we normally chose in such cases.
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and observation phase. These overlap with our result of
1.35× 10−9 erg cm−2 s−1 obtained for our single observa-
tion with MYTORUS, although in the 2−10 keV band.
A.2 4U1822−371
This object belongs to the rare class of eclipsing LMXBs.
It is also the prototypical Compton-thick accretion disk
corona (ADC) source, for which only X-rays scattered from
material above and below the accretion disk are thought to
be able to reach the observer (White & Holt 1982).
There is a range of mass estimates for the neutron star
compact object in the literature. Jonker et al. (2003) com-
bine radial velocity estimates from optical spectroscopic ob-
servations with pulse timing analysis to obtain a lower limit
of 0.97± 0.24 M. Mun˜oz-Darias et al. (2005) model the
“K-correction” for emission lines to obtain a range 1.61 ≤
MNS/M ≤ 2.324. This range includes the most recent esti-
mate of 1.69±0.13 M (Iaria et al. 2015) from X-ray-based
estimates of the spin period and its derivative.
There are 3 HETG observations of 4U1822−371 in our
sample (see Table 1). For obs. ID. 671 the combined
Medium- and High-Energy Transmission Grating analysis
of Cottam et al. (2001) obtains an upper limit to the Fe Kα
line broadening of 1500 km s−1. These authors also split
the observation into different phases, always obtaining a line
centroid consistent with 1.935 A˚ (6.407 keV). Ji et al. (2011)
use all 3 observations and divide them into five phases and
obtain Fe Kα line wavelengths ranging from 1.936–1.944A˚
(or 6.378–6.404 keV). In one case the Fe Kα line is resolved,
with σ = 5.7+2.5−2.2 ×10−3A˚, or6 FWHM = 880+390−340 km s−1.
In two cases the line is unresolved, with only an upper limit
on the width, the largest being 7.2× 10−3 A˚, corresponding
to a FWHM of 1115 km s−1. In the other two cases the width
is simply given as 10−3A˚ (or FWHM = 155 km s−1), with
no statistical errors.
T10 also only analyze obs. ID. 671, obtaining a centroid of
1.9379±0.0015 A˚ (6.398±0.005 keV) for the Fe Kα line, a
flux of 2.94± 0.69× 10−4photons cm−2 s−1, and an EW of
36.61±8.52 eV.
Finally, Iaria et al. (2013) use an average HETG spectrum
from obs. ID. 9858 and obs. ID. 9076 and obtain a line en-
ergy of 6.393± 0.002 keV, line width σ = 18± 3 eV or
FWHM = 1990±330 km s−1, EW = 40±6 eV, and an esti-
mated Keplerian region radius of 1.9+0.8−0.5 ×1010 cm.
As discussed by Cottam et al. (2001), the HEG spectra
for this object show discrete emission lines for a range of
abundant elements. In particular, both Fe Kα and Fe XXVI
emission lines are detected, which clearly originate in regions
with completely different ionization states. The lines are re-
ported to be persistent through all orbital phases, although
their intensities vary (Ji et al. 2011). In our analysis, we uti-
lize all 3 HETG observations (obs. IDs. 671, 9858, and 9076)
and for both the BN11 and MYTORUS models, we include a
Gaussian component to fit the high-ionization He-like line at
6 Ji et al. (2011) use an undefined symbol σ throughout, with values in A˚.
For conversion to velocities, we assume here that this represents FWHM.
an energy of∼ 6.96 keV. We find that the Fe Kα line is unre-
solved in obs. ID. 671 but resolved in the other two observa-
tions, with the FWHM being ∼ 1400–1700 km s−1 (see Ta-
ble 4 and Figure C.1 in Appendix C). The Fe Kα line fluxes
and EW values we obtain for both models are consistent with
values in the literature derived from fitting phenomenological
models, as described above. Our BN11 fits yield an Fe abun-
dance relative to solar of ∼ 3 for each of the three HETG
observations, so a uniform, solar-abundance spherical matter
distribution is ruled out.
A.3 4U1908−075
This XRB belongs to the rare class of HMXBs with an OB-
supergiant companion (Levine et al. 2004; Morel & Grosdi-
dier 2005). There are no mass estimates for the primary of
this source in the literature. Following standard practice, we
assume a canonical neutron-star mass of 1.4 M (e.g. Levine
et al. 2004; Morel & Grosdidier 2005; Martı´nez-Nu´n˜ez et al.
2015). The X-ray emission is hard and highly absorbed with
a column density varying by factors of a few between phases.
Among the 3 HETG observations of this source in the
present study, the BN11 model requires an Fe abundance that
varies among observations, from∼ 0.24–3 solar, so we reject
the uniform, spherical, model (see Table 2). In the MYTORUS
fits the line-of-sight column density varies between observa-
tions (as found from previous studies) and the Fe Kα line flux
varies by an order of magnitude (the latter is consistent with
the phenomenological modeling of T10). The MYTORUS fits,
corresponding to a Compton-thick reflector with an Fe abun-
dance that is solar, work because the line-of-sight absorption
is decoupled from the global column density. In contrast,
in the spherical model, the line-of-sight absorption, which
affects the low-energy continuum shape, is the same as the
global column density, which affects the flux of the Fe Kα
line. In order to remain self-consistent, the spherical model
can only vary the Fe abundance in order to try to fit the Fe
Kα line flux with a column density that must also explain
the shape of the contnuum. We note that obs. IDs. 5477 and
6336 also have Compton-thin reflection solutions that cannot
be statistically distinguished from the Compton-thick solu-
tions with NH,S fixed at 1025 cm−2. We choose to present
the Compton-thick solutions for all 3 observations, consis-
tent with most of the 56 observations in the present sample.
The Fe Kα line is resolved in 1 observation, with FWHM
∼ 2500 km s−1 (obs. ID. 5476), but unresolved in the remain-
ing 2 observations.
A.4 Cen X−3
This prototypical “standard” HMXB is one of the bright-
est accreting X-ray pulsars. It is believed to have a hard,
phase-dependent X-ray spectrum, (e.g. Burderi et al. 2000;
Iaria et al. 2005). The observation of eclipses has permitted
the determination of all orbital and stellar parameters for this
system. In particular the compact object mass is estimated
to be between MNS = 1.21± 0.21 M (Ash et al. 1999) and
1.57±0.16 M (Falanga et al. 2015).
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There are 3 HETG observations of Cen X−3 in our sam-
ple. Using obs. ID. 1943 Iaria et al. (2005) estimate a line
centroid of 6.3975+0.0033−0.0033 keV, σL= 0.0115
+0.0045
−0.0042 keV and
EW = 13.2+2.1−1.9 eV. Wojdowski et al. (2003) divide obser-
vation 705 into “dim”, “bright” and “eclipse”. They obtain
individual estimates for Fe Kα line velocity shifts relative to
6.40 keV ranging from ∼ 80 to ∼ 2000 km s−1, and an aver-
age shift of 350±200 km s−1. The line FWHM ranges from
∼ 20 to ∼ 3200 km s−1, with an average of 900± 300 km
s−1.
Consistent with earlier work (Iaria et al. 2005; Wojdowski
et al. 2003), we detect prominent emission from the Fe XXV
He-like complex of forbidden, intercombination and reso-
nance emission lines between ∼ 6.61 and ∼ 6.72 keV in
all three observations presented here. Additional Gaussian
components were included in each model to accommodate
these features. In addition, in obs. ID. 7511 we fitted emis-
sion from Fe XXVI Lyα around∼ 6.9 keV with an additional
Gaussian component.
In the BN11 fits, for 2 of the observations (obs. ID. 1943
and obs. ID. 7511), the Fe abundance reached the maximum
table value of 10, meaning that the column density required
to model the continuum curvature is insufficient to provide
enough Fe Kα line flux to fit the data. The other observa-
tion (obs. ID. 705) gave an Fe abundance of 0.74+0.15−0.11 solar.
The fact that the Fe abundance is so high in 2 of the obser-
vations, and that it is required to vary between observations
rules out the uniform, spherical model for the Fe Kα line.
On the other hand, the Compton-thick, solar abundance MY-
TORUS model fits can account for the data. T10 presented re-
sults for obs. ID. 1943 and obs. ID. 705 but obtained Fe Kα
line fluxes (using phenomenological models) that are lower
than ours by ∼ 50% and ∼ 40% respectively.
The Fe Kα line is unresolved for obs. ID. 1943 and
obs. ID. 705 but resolved for obs. ID. 7511 (see Appendix C,
Figure C.1) with a FWHM of 1752+301−287 km s
−1 (see Table 4).
A.5 Cir X−1
Cir X−1 is formally a HMXB since it has a massive sec-
ondary (Johnston et al. 1999; Jonker et al. 2007). However,
in the literature it is classified as a LMXB because its X-ray
phenomenology corresponds to that of an accreting low mag-
netic field compact object, more commonly found in LMXBs
(Asai et al. 2014; Boutloukos et al. 2006; Fridriksson et al.
2015). The system is known for its peculiar X-ray spectrum
that shows a plethora of discrete features that are strongly
dependent on orbital phase. Most famously, it represents the
first case were P-Cygni profiles were detected in an X-ray
spectrum (Brandt & Schulz 2000; Schulz & Brandt 2002).
These are thought to be associated with a high-velocity out-
flow from an equatorial accretion disk wind.
Based on the discovery of Type I X-ray bursts (Tennant
et al. 1986; Linares et al. 2010), the compact object is be-
lieved to be a neutron star. Using the relativistic precession
model (Stella & Vietri 1999), Boutloukos et al. (2006) obtain
a mass of MNS = 2.2±0.3 M.
In none of the 5 observations in our sample analyzed here
is the Fe Kα line detected. For the BN11 model, the AFe val-
ues are therefore determined by the continuum only. In cases
such as this in which the emission line is weak or undetected,
the line width and shift had to be fixed (at 100 km s−1 FWHM
and 0.0, respectively). In obs. ID. 8993 an additional Gaus-
sian emission-line component was included at 6.67 keV due
to an excess in the data relative to the basic model.
In addition, observations 5478 and 706 (Schulz & Brandt
2002) show clear P-Cygni features from He-like and H-like
ions of several elements, and these require dedicated, more
complex modeling. Such modeling requires that the emission
and absorption feature be fitted simultaneously, something
that is beyond the scope of the models used in this paper.
Finally, as mentioned earlier, observation 1905 may suffer
from pile-up.
A.6 Cyg X−1
Cyg X−1 is a Galactic black hole HMXB known for its
persistent activity in the X-ray band. From spectroscopic
studies of the supergiant companion, the mass of the black
hole is estimated at 10.1 M (Herrero et al. 1995). Using
an estimate for the radius of the secondary, as well as im-
proved distance estimates, Orosz et al. (2011) find a mass of
14.8±1.0 M.
This HMXB has been extensively studied. It is usually
found in either a low/hard or high/soft state. The first is
characterized by low luminosity and a hard power-law con-
tinuum, while the second is dominated by high luminos-
ity, dominated by soft X-ray emission. The obs. IDs of
the HETG observations studied in the present work have al-
ready been associated with distinct states in the literature
(e.g. Misˇkovicˇova´ et al. 2016; Grinberg et al. 2013). How-
ever, most works focus on the ionized wind and broad Fe Kα
line, rather than the narrow Fe Kα line from neutral matter.
These works have used several X-ray telescopes to study the
underlying geometry of the system’s accreting black hole en-
vironment (e.g. Nowak et al. 2011) and have also exploited
the proximity of the broad Fe Kα line emitting region to
the accreting black hole to infer high, and even maximal,
spin values (Duro et al. 2011; Gou et al. 2011; Fabian et al.
2012; Miller et al. 2012; Gou et al. 2014; Tomsick et al.
2014; Parker et al. 2015; Duro et al. 2016; Walton et al.
2016). On the other hand, the only results on the narrow Fe
Kα line emission are based on Chandra obs. IDs 2415 and
3815, both taken in continuous clocking (CC) mode. Thus
Miller et al. (2002) use obs. ID. 2415 to estimate a centroid
of 6.415±0.007 keV, also obtaining FWHM = 80+28−19 eV (or
3740+1310−890 km s
−1) and EW = 16+3−2 eV. For this obs. ID. T10
obtain a centroid of 6.4115±0.0305 keV and EW = 20.82±
2.05 eV. For obs. ID. 3815 they obtain 6.3966±0.0059 keV
and EW = 19.07±2.06 eV.
We present results for 15 observations, and among these
the Fe Kα line is not detected in 7 (according to our crite-
rion of ∆C ≥ 6.63 for a detection). We fit the BN11 model
to all of the observations whether or not the Fe Kα line was
detected because the absence of the line can still potentially
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constrain the parameters of the BN11 model. We find that in
10 of the observations the Fe relative abundance in the BN11
model fits reached its maximum table limit of 10 AFe,. In
these cases the column density required to account for the
continuum shape is insufficient to produce enough Fe Kα
line flux even for such an inflated Fe abundance. In 3 of the
remaining observations only a lower limit on the Fe abun-
dance could be obtained. In the other 2 observations both
lower and upper bounds on the Fe abundance were obtained.
In one of these a supersolar Fe abundance was required and
in the other case the Fe abundance was approximately solar.
As with all the sources in the sample, the MYTORUS model
was fitted to those observations in which the Fe Kα line is
detected. A range in line-of-sight column density, NH,Z, is
found, from only an upper limit of 1020 cm−2, to a value
of ∼ 2.5× 1023 cm−2. In several cases, the rising spectrum
towards low energies was incompatible with the “standard”
Galactic absorption value, so we attempted letting Galactic
absorption be a free parameter. However, in practice there is
a degeneracy between it and the line-of-sight column density
of the model. Since the fit is insensitive to the extra column
density parameter, in such cases we fix the component to a
low value of 10−18 cm−2, unless indicated otherwise (see Ta-
ble 1). In 5 of the 8 observations with a Fe Kα line detection
the line width could not be constrained and had to be fixed for
the fits (at a FWHM of 100 km s−1). In 2 of the remaining
observations (obs. IDs 3814 and 3815), the Fe Kα line was
resolved, and yielded robust lower and upper bounds, but in
the other observation (obs. ID 9847), the Fe Kα line was un-
resolved, with only an upper limit on the FWHM of 4765 km
s−1 (see Table 4 and Appendix C). Below are some specific
details about the individual fits.
A.6.1 obs. ID. 11044-A
For BN11, the Fe Kα line is formally detected (∆C =
37.58). However, the column density of this source is so low,
that even with AFe = 10 AFe,, the fit is poor, and we fix the
Fe Kα line FWHM at 100 km s−1. NgalH is also poorly con-
strained and formally fixed at 10−18 cm−2. For MYTORUS,
both z and σL are poorly constrained, the fit is unstable and
tends to a best-fit where the continuum, rather than the line,
is fitted, likely due to noisy features on the low-energy side
of the line. We thus freeze the Fe Kα line FWHM at 100 km
s−1.
A.6.2 obs. ID. 12313-B
The Fe Kα line is not detected and only results for the BN11
model are shown. We fix the Fe Kα line FWHM at 100 km
s−1. The best fit reaches AFe =10 AFe, with a very low col-
umn density, NH,sph, and a strong soft power-law component.
NgalH is poorly constrained and formally fixed at 10
−18 cm−2.
A.6.3 obs. ID. 12314-C
Similar to obs. ID. 12313.
A.6.4 obs. ID. 12472-D
Similar to obs. ID. 12313.
A.6.5 obs. ID. 13219-E
Similar to obs. ID. 12313. As mentioned earlier, this ob-
servation may be piled-up.
A.6.6 obs. ID. 1511-F
Although a ∆C of 8.26 suggests a marginal detection, this
may well be due to a bump at the position of Fe Kα emission
at 6.4 keV. Accordingly, for both models the line is not well
constrained, and we have to fix σL = 100 km s−1 and z= 0.
Only a lower limit can be obtained for AFe. No MYtorusZ
component is used in the MYTORUS model. NgalH is fixed at
10−18 cm−2 to stabilize the fit.
A.6.7 obs. ID. 2415-G
This is a CC mode observation. In the BN11 fit AFe =10 AFe,
as the very low column density, NH,sph, cannot produce
enough flux for the Fe Kα line. An additional soft power-law
continuum component is required. NgalH is poorly constrained
and formally fixed at 10−18 cm−2 for both the BN11 and MY-
TORUS models. In the MYTORUS fit no additional power-law
continuum is required and only an upper limit on NH,Z is
obtained. The Fe Kα line width had to be fixed at a FWHM
of 100 km s−1 in order to prevent the fits and error analysis
becoming unstable.
A.6.8 obs. ID. 2741-H
Similar to obs. ID. 12313. As mentioned earlier, this ob-
servation may be piled-up.
A.6.9 obs. ID. 2742-I
Similar to obs. ID. 12313. As mentioned earlier, this ob-
servation may be piled-up.
A.6.10 obs. ID. 2743-J
Similar to obs. ID. 12313. As mentioned earlier, this ob-
servation may be piled-up.
A.6.11 obs. ID. 3407-K
Both the BN11 and MYTORUS models require a soft power
law to fit the soft continuum upturn. The Fe Kα line width
could not be constrained so the FWHM was fixed at 100 km
s−1 but z was allowed to float. Although the Fe Kα line
is weak, the BN11 model requires a column density that is
too small to account for the Fe Kα line flux so the BN11
best-fit leads to a supersolar abundance. However, the solar-
abundance MYTORUS fit did not require an unusually high
value of AS. The MYTORUS model also has a low NH,S ∼
0.1−0.2 solution. As before we choose the high-NH,S solu-
tion as more conservative.
A.6.12 obs. ID. 3814-M
For this observation we exclude prominent emission fea-
tures in the 2.6− 2.65 keV energy band, as well as likely
P-Cygni absorption in the 6.6− 6.8 keV band. The BN11 fit
gives a small column density that drives the Fe abundance up
to the maximum limit of 10. From the MYTORUS fit the Fe
Kα line is resolved, with a FWHM of ∼ 2500 km s−1.
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A.6.13 obs. ID. 8525-N
Portions of the data with prominent absorption features in
the energy ranges 2.6− 2.64, 6.6− 6.75, 6.51− 6.56, and
6.95− 7.0 keV are excluded, as well as a complex of ab-
sorption and emission in the 7.45− 7.8 keV band. Similar
to obs. ID 11044, the low-energy side of the 6.4 keV line is
noisy, so we are again forced to freeze FWHM = 100 km
s−1.
A.6.14 obs. ID. 9847-O
This obs. ID. is very similar to obs. ID. 8525. Once
more we exclude prominent absorption features in the energy
ranges 2.62− 2.66, 7.72− 7.9, 6.9− 7.06, and 6.66− 6.74
keV. For the BN11 model only a lower limit on the Fe abun-
dance is obtained. The Fe Kα is unresolved in the MYTORUS
fit.
A.6.15 obs. ID. 3815-P
This is a CC mode observation. We exclude portions of
the data with prominent and complex absorption/emission
features between 2.45− 2.48, 2.61− 2.63, 4.32− 4.4, and
6.48− 7.0 keV. The BN11 model is forced to a highly super-
solar value of ∼ 8 AFe,, for which only a lower limit can be
estimated, as a result of attempting to fit the Fe Kα line with
a column density that is too small for solar abundance.
For both models, an additional very soft power law contin-
uum is required and hits the upper allowed bound of 10 for
the slope, but this soft continuum component only dominates
a narrow energy range in the spectrum at the low end of the
bandpass.
A.7 Cyg X−3
Cyg X−3’s “microquasar” is a HMXB with a Wolf-Rayet
companion that has a dense stellar wind, giving rise to a
very rich and variable emission-line spectrum (Paerels et al.
2000; Vilhu et al. 2009), but the wind also prevents opti-
cal photons from being observed. The system’s inclination
and mass function thus remain highly uncertain, as does the
nature of the compact object. Stark & Saia (2003) fit the
three most prominent lines in Chandra-HETG spectra taken
at different phases to construct a mass-function for the com-
pact object. They combine it with the infrared mass-function
of Hanson et al. (2000) for the donor to establish an upper
limit for the compact object mass of 3.6 M. On the other
hand, Vilhu et al. (2009) construct photoionization models
and compare with Chandra-HETG observations to establish
a mass-function for the Fe XXVI emission line. Combining
this with the infrared mass-function for the compact object
of Hanson et al. (2000), they calculate possible ranges for the
compact object mass. Depending on inclination, these are in
the range 2.8− 8 M (i = 30◦) or 1.0− 3.2 M (i = 60◦).
From these estimates, we choose the two extremes, namely
MCO,1 = 1.0 M and MCO,2 = 8.0 M.
We choose to analyze only obs. ID. 101, as obs. ID. 6601
and obs. ID. 7268 are very strongly dominated by spectral
features from non-neutral material. The obs. ID. 101 ob-
servation also has features from ionized Fe but there are
two discrete lines from Fe XXV and Fe XXVI, as opposed
to a blended complex as in the other 2 observations. Thus,
in addition to the baseline BN11 and MYTORUS models fit-
ted to the obs. ID. 101 spectrum, two Gaussian emission-
line components are included (with line width and centroid
energy free) at ∼ 6.65 keV and ∼ 6.97 keV. In the BN11
fit the Fe abundance reaches its maximum table value of
10 AFe, and still cannot fit the Fe Kα line flux so the uni-
form, spherical, solar-abundance model can be rejected (see
Table 2). In the MYTORUS fit, a line-of-sight column den-
sity of NH,Z ∼ 2.5×1022 cm−2 is required in addition to the
Compton-thick reflector (see Table 3). The Fe Kα line is
resolved, with a FWHM ∼ 3800 km s−1 (see Figure C.1 in
Appendix C, and Table 4).
A.8 γ Cas
This is a prototypical Be XRB, where a B-type star’s cir-
cumstellar disk gives rise to strong hydrogen emission lines,
which together with the stellar continuum define this class of
objects. Further, with an X-ray luminosity more than an or-
der of magnitude brighter than “classical” Be stars, γ Cas is
the prototype of its own class of “γ Cas analogs”.
Harmanec et al. (2000) use Hα spectra to derive radial ve-
locities and deduce that the compact object has a mass in the
range 0.7−1.9 M. Based on a revised velocity solution and
most probable parameter values, Smith et al. (2012) estimate
a compact object mass of 0.8± 0.4 M. We thus adopt the
two extreme values of 0.4 and 1.9 M for our purposes.
Our analysis presents results for one HETG observation
of γ Cas. For the Fe Kα line in the spectrum from this
same obs. ID., T10 find a line flux of 7.1± 2.7× 10−5 pho-
tons cm−2 s−1, an equivalent width of 39.74±15.04 eV and a
line centroid of 1.9368± 0.0001 A˚ or 6.4015± 0.0003 keV.
On the other hand, Smith et al. (2004) obtain results sepa-
rately for the Kα1 and Kα2 components: centroids at 1.9358
and 1.9398 A˚ (6.4048 keV and 6.3916 keV), and “σλ ” values
of 3.1 mA˚ (10.2 eV) for both components (corresponding to
a FWHM of ∼ 1125 km s−1).
We add two Gaussian components to the BN11 and MY-
TORUS models in order to fit Fe XXV(r) at ∼ 6.68 keV and
Fe XXVI Lyα at∼ 6.95 keV. In the BN11 fit the Fe abundance
reaches its maximum table value of 10 AFe, and still can-
not fit the Fe Kα line flux so the uniform, spherical, solar-
abundance model can be rejected (see Table 2). In the MY-
TORUS fit, the line-of-sight column density is negligible, and
only an upper limit is obtained (see Table 3). In the BN11
fit we had to fix the FWHM of the line broadening function
at 100 km s−1 otherwise the fit becomes unstable. In con-
trast, the line width was constrained in the MYTORUS fit but
it is unresolved and we obtained only an upper limit on the
FWHM, of∼ 2850 km s−1 (see Table 4). The Fe Kα line flux
from the MYTORUS fit is consistent with the value obtained
by T10 using phenomenological models.
A.9 GX 301−2
This X-ray pulsar and HMXB features a prominent Fe Kα
emission line, and associated Compton shoulder, clearly de-
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tected in the HETG spectra. This is one case where the
BN11 model with almost solar Fe abundance can fit more than
one observation (two in this case). From the B-hypergiant
companion’s radial velocity curve established with high-
resolution optical spectra Kaper et al. (2006) estimate a
neutron-star mass of 1.85± 0.6 to 2.4± 0.7, depending on
the companion radius.
We present results for two HETG observations, obs. ID. 2733
and obs. ID. 3433. Watanabe et al. (2003) study obs. ID. 3433
(“pre-periastron” phase). They derive EW values for the
Fe Kα line (including Compton shoulder) of 643± 20 and
486± 18 eV for the first and second halves of the observa-
tion, respectively. For a range in the power-law continuum
photon index of Γ = 1.0− 1.5 they estimate metal abun-
dances 0.65− 0.90 of the cosmic values. For the same
observation T10 obtain a line flux of ∼ 32× 10−4 pho-
tons cm−2 s−1, EW = 113.54±4.08 eV, for a central wave-
length of 1.9384± 0.0002 A˚ or 6.3962± 0.0007 keV. For
obs. ID. 2733 T10 obtain a line flux of ∼ 78× 10−4 pho-
tons cm−2 s−1, EW = 282.68± 3.30 eV for a central wave-
length of 1.9388±0.0002 A˚ or 6.3949±0.0007 keV. Neither
the Watanabe et al. (2003) nor the T10 study attempted to
quantify the velocity width of the Fe Kα line.
In our analysis of obs. ID. 2733, the energy regions 2.9−
3.8, 3.66− 3.72, and 5.4− 5.46 keV are excluded due to
multiple emission/absorption features. There is a prominent
Ni Kα line at ∼ 7.47 keV in both observations and this line
is already included in the BN11 table model, but for the MY-
TORUS fits an additional Gaussian component is added to
the model. At energies ∼< 3.6 keV the spectrum has a very
low signal-to-noise ratio so the data in this energy range pro-
vide little constraint to the fit. The BN11 model gives an
Fe abundance of 0.86 and 0.80 solar for obs. ID. 2733 and
obs. ID. 3433, respectively. For obs. ID. 2733, the MYTORUS
model significantly under-predicts the flux of the Fe Kα line
(by ∼ 30%). This is not the case for obs. ID. 3433. The MY-
TORUS fit for obs. ID. 2733 is also unsual in that it is one
of the few spectra in our sample of 56 observations that is
able to constrain the global column density, NH,S. This is due
to the high quality of the data in the Fe Kα line Compton
shoulder, because the shape of the shoulder and its magni-
tude relative to the line core are sensitive to NH,S. On the
other hand, for obs. ID. 3433, NH,S was not constrained and
was fixed at 1025 cm−2, the value used for most of the other
56 observations in the sample.
Our Fe Kα line fluxes for both observations are in reason-
able agreement with the corresponding values in T10 (see
Table 4). From our analysis, the Fe Kα line is resolved in
both observations, with FWHM ∼ 400−600 km s−1 consis-
tent with historical measurements, but is smaller than most
of the widths in the other sources in the sample in which the
Fe Kα line is resolved (see Figure C.1, and Table 4).
Using XMM-Newton data, Fu¨rst et al. (2011) measure an
unabsorbed 2−10 keV continuum flux ranging from 1.350×
10−8 to 2.151×10−8 erg cm−2 s−1, which overlaps with our
results from MYTORUS that are in the range between 3.09×
10−9 to 1.48×10−8 erg cm−2 s−1. Similarly, over the same
energy range, using Suzaku data, Suchy et al. (2012) measure
an unabsorbed continuum flux ranging from ∼1.6×10−9 to
3.6×10−9 erg cm−2 s−1.
The very large Fe Kα equivalent width for obs. ID. 2733 is
consistent with the direct continuum being significantly de-
pressed by the almost Compton-thick MYTORUS NH,Z value
along the line-of-sight. If the line-of-sight extinction is
caused by clumps, it is possible for the continuum shape
and line EW to undergo significant fluctuations. Suchy et al.
(2012) carried out phase resolved analysis with Suzaku that
indicated high, strongly variable NH (although that analysis
could not distinguish between in and out-of-the line-of-sight
column densities) due to a clumpy stellar wind from the hy-
pergiant companion Wray 977. Mukherjee & Paul (2004)
based their analysis on Rossi X-ray Timing Explorer data.
They suggested a model with “stagnating” clumps of mat-
ter and strong inhomogeneities in the stellar wind, due to a
combined low stellar-wind terminal velocity and large mass-
loss rate (see also Leahy & Kostka 2008; Manousakis et al.
2012). High anisotropies in the distribution of neutral mat-
ter (i.e. clumps) are also reported by Islam & Paul (2014) in
monitoring work with the Monitor of All Sky X-ray Image.
A.10 GX 1+4
This object is a rare accreting X-ray pulsar with a low-
mass companion. It is the prototype of the small subclass of
symbiotic XRBs. There is no direct mass determination for
the neutron star in literature. Following Hinkle et al. (2006),
we adopt a value of 1.35 M as a canonical result for binary
radio pulsars (Thorsett & Chakrabarty 1999).
We present the results for 2 HETG observations of
GX 1+4. A hard power-law continuum and a prominent Fe
Kα emission line characterize these observations. In addi-
tion to the Fe Kα line, both of the observations in the present
study have an additional emission line at ∼ 6.95 keV, likely
due to Fe XXVI Lyα , that is fitted by adding an additional
Gaussian component to the models.
Spectral fits with the uniform spherical model (BN11) for
both observations require a super-solar Fe abundance. The
flux in the Fe Kα line is much larger in obs. ID. 2744 than it
is in obs. ID. 2710, and the EW is also larger in obs. ID. 2744
than it is in obs. ID. 2710 (see Table 4). The BN11 fits to
both observations yield a similar column density, NH,sph, to
account for the continuum, so the very different Fe Kα line
fluxes result in the Fe abundance for the fit to obs. ID. 2744
to increase to 10 AFe,, the maximum limit of the model.
This is still insufficient to account for the Fe Kα line flux
in obs. ID. 2744. This contrasts with the Fe abundance of
∼ 3 AFe, required for obs. ID. 2710 (see Table 2). Thus,
the uniform, solar-abundance spherical model is rejected on
the basis of requiring a significantly variable Fe abundance
between observations. We note that Yoshida et al. (2017) find
an iron abundance of ∼ 80% solar based on an independent
analysis with Suzaku.
The MYTORUS model, which has solar abundances, can
account for both observations. The MYTORUS fits have the
column density of the X-ray reprocessor fixed at 1025 cm−2
27
THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES Tzanavaris & Yaqoob
(Compton-thick) but both of the MYTORUS fits also have
Compton-thin solutions. As for most of the other sources
in our sample, we give results for the more conservative
Compton-thick solutions (see Table 3). The MYTORUS fits
yield a line-of-sight column density, NH,Z, that is ∼ 2.8 and
4.1×1022 cm−2 for obs. ID. 2710 and obs. ID. 2744 respec-
tively (see Table 3).
The Fe Kα line flux in obs. ID. 2744 is an order of mag-
nitude larger than it is in obs. ID. 2710 (see Table 4), but
the continuum flux in obs. ID. 2744 is only a factor of ∼ 3
larger than it is in obs. ID. 2710 (see Table 5). There must be
changes in the global column density and/or covering factor
between the two observations, but data with a wider bandpass
extending to higher energies are required to further constrain
models. The Fe Kα line is unresolved in both observations,
and the largest upper limit on the FWHM is 1490 km s−1 (see
Table 4).
Using obs. ID. 2710 and simultaneous RXTE PCA data,
Paul et al. (2005) obtain a line center of 6.400± 0.005 keV
and equivalent width of 71+33−16 eV, using simple phenomeno-
logical modeling. For the same observation, T10 obtain a
centroid 1.9376± 0.0013 A˚ or 6.3988± 0.0043 keV, an Fe
Kα line flux of ∼ 1.6± 0.4× 10−4 photons cm−2 s−1, and
EW =72.81±16.96 eV. Our results are consistent with these
empirical measurements for obs. ID. 2710 (see Table 4). His-
torical results are not available for obs. ID. 2744.
A.11 Her X−1
This eclipsing LMXB has a sizable accretion disk.
Reynolds et al. (1997) used optical spectroscopy to estab-
lish a neutron star mass of 1.5±0.3 M, challenging earlier
results of significantly lower masses (1M, or lower). More
recently, Leahy & Abdallah (2014) model high-state eclipses
observed with RXTE to measure the radius and atmospheric
scale height of HZ Her, the stellar companion of the neutron
star. They also fit stellar atmosphere models and calculate
stellar evolution models for a range of allowed masses from
orbital parameters and allowed metallicities from optical
spectra. These different models appear to be in agreement
with a narrow range in companion mass, corresponding to a
neutron star mass range between 1.3 and 1.7M. We adopt
these two extreme values for our purposes.
Using Suzaku broadband spectra, Asami et al. (2014) in-
vestigate a broad 4− 9 keV hump. They consider either an
ionized partial covering model or an additional broad line at
6.5 keV but are unable to distinguish between these alterna-
tives. Fu¨rst et al. (2013) and Wolff et al. (2016) fit both a nar-
row and a broad line to NuSTAR+Suzaku and NuSTAR-only
spectra, respectively. Once again the broad line is centered
around ∼ 6.5 keV. According to these authors, the broad line
is most likely due to unresolved contributions from several
ionization stages.
Our sample consists of 10 HETG observations of Her X−1
(see Table 1). Jimenez-Garate et al. (2005) study obs. ID.
2749. Although they focus on photoionized transitions, they
also model separately Fe Kα1 and α2, finding a Doppler
width < 680 km s−1 for each.
Ji et al. (2009) study obs. IDs 2749, 3821, 3822, 4585,
6149 and 6150. For the Fe Kα line they find centroids be-
tween 1.938± 0.001 and 1.940± 0.001 A˚ or 6.398± 0.003
to 6.391± 0.003 keV, and equivalent widths between 81+15−14
and 635+59−57 eV. From the same observations, T10 find Fe Kα
centroids between 1.9372± 0.0037 and 1.9399± 0.0031 A˚
(6.4002±0.0122 to 6.3913±0.0102 keV), line fluxes in the
range∼ 1.3 to 5.5×10−4 photons cm−2 s−1, and EWs in the
range 51.58±19.46 and 512.88±68.98 A˚.
The line-of-sight column density was less than the formal
Galactic value in all except 2 observations for both models,
and a further 2 observations for the BN11 model, so for these
NgalH was fixed at a low value, 10
18 cm−2, and any remaining
Galactic absorption is then degenerate with the relevant col-
umn density parameter in the model (i.e., NH,sph for BN11 and
NH,Z for MYTORUS). For the remaining observations the line-
of-sight column density was greater than the formal Galactic
absorption so NgalH was fixed at the formal value (see Table 1).
For some of the observations a second power-law contin-
uum in the BN11 fit dominates the continuum compared to the
actual absorbed continuum from the spherical matter distri-
bution. Such a solution is attempting to produce sufficient
flux in the Fe Kα line, yet producing no line-of-sight extinc-
tion to reconcile a continuum that is rising at low energies.
Physically, this is not a self-consistent solution if both power-
law continua are produced at the center of the spherical mat-
ter distribution because covering of the X-ray source in the
BN11 model is uniform and not patchy. It is possible that the
second power-law continuum in these cases is produced out-
side of the spherical matter distribution. Even if that is the
case, the scenario that we are explicitly testing is that of a
simple geometry of a single X-ray source surrounded by a
uniform, spherical distribution of matter. In that respect the
test fails in these cases, which will be pointed out in the de-
tails for the individual fits given below.
In 4 of the 10 observations, the Fe Kα line is resolved, and
it is unresolved in another 4 observations. In the remaining 2
observations the line width could not be constrained and had
to be fixed. The Fe Kα line fluxes we obtain for the observa-
tions studied by T10 all agree (within statistical errors) with
the T10 values, which were obtained from simplified ad hoc
phenomenological modeling using a fixed narrow line width.
Case-by-case details on these and other pertinent measure-
ments are given in the individual fitting descriptions below.
Overall, considering that a large range in the Fe abundance
for the BN11 model is required among the 10 observations
(∼ 0.5 to the model limit of 10 times the solar value), a uni-
form, solar abundance spherical matter distribution can be
ruled out for Her X−1.
A.11.1 obs. ID. 2703-A
The signal-to-noise ratio of the spectrum for this observa-
tion is low so that the FWHM of the Fe Kα line had to be
fixed at 100 km s−1. In the BN11 fit the soft X-ray spectrum
below ∼ 5 keV is dominated by a second power-law contin-
uum because it is not attenuated. The Fe abundance is ∼ 0.5
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solar. The MYTORUS fit gives an unusually high value of
AS ∼ 25 (see Table 3).
A.11.2 obs. ID. 2704-B
The Fe Kα line in this observation is weak and the line
FWHM had to be fixed at 100 km s−1. The BN11 fit is forced
to the maximum allowed Fe abundance of 10 AFe,. The EW
of the Fe Kα line from the MYTORUS fit is only ∼ 30 eV
(in the BN11 fit the Fe Kα line model flux falls short of the
data even for the maximum Fe abundance). There are some
residuals at energies higher than that of the Fe Kα line but
the signal-to-noise ratio is poor so the features are not fitted.
A.11.3 obs. ID. 2705-C
The spectrum for this observation has an extremely low
signal-to-noise ratio. For the BN11 fit, the Fe abundance is
sub-solar by a factor of ∼ 4 (see Table 2). The spectrum
continues to rise at low energies, so that below ∼ 5 keV the
spectrum is dominated by a second power-law continuum,
so this is another case for which a simple uniform spherical
matter distribution is incompatible with the data. The Fe Kα
line is unresolved and only an upper limit on the FWHM (∼
3700 km s−1) could be obtained (see Table 4).
A.11.4 obs. ID. 2749-D
This spectrum of the source has one of the most prominent
Fe Kα lines among the 10 observations, as borne out by a
very large EW of ∼ 500 eV (see Table 4). In the spectral fit-
ting analysis, an additional Gaussian component is included
to model an Fe XXVI Lyα line at ∼ 6.96 keV.
In the BN11 fit, the Fe abundance is driven to its maximum
value of 10 AFe, because the fitted column density cannot
produce enough Fe Kα line flux. Also, the spectrum below
∼ 5 keV is dominated by a second power-law continuum.
The MYTORUS fit results correspond to a Compton-thick
reflector with NH,S fixed at 1025 cm−2 but a Compton-thin
solution also exists. However, the Compton-thick solution
is chosen as it is more conservative. A very high value of
AS ∼ 65 is required, as would be expected for a reflection-
dominated spectrum. We note that the ratio of maximum
to minimum observed continuum flux among the 10 obser-
vations is ∼ 45, while the intrinsic continuum flux varies
by two orders of magnitude (see Table 5 columns 4 and
6). The Fe Kα line is unresolved in this observation, with
FWHM < 1195 km s−1.
The very large Fe Kα equivalent width for this specific ob-
servation is also consistent with the results of Ji et al. (2009,
∼ 600 eV) and T10 (∼ 500 eV). Ji et al. (2009) analyze sev-
eral observations in different phases and confirm that this ob-
servation is in the “low” (luminosity) state (see also Jimenez-
Garate et al. 2005), while T10 state this is an eclipse. These
imply a suppressed direct continuum, which, together with
a large AS MYTORUS solution is consistent with a strongly
reflection dominated configuration. We note though that the
Compton-thin MYTORUS NH,Z solution is not consistent with
this interpretation. However, it is possible that NH,Z is actu-
ally so large that it is not detected at all in the HEG band-
pass. Such a solution is completely degenerate with respect
to the other model parameters, as far as the HEG data are con-
cerned. Zane et al. (2004) carried out phase-resolved analysis
with XMM-Newton, also obtaining EW values up to ∼ 600
eV. They suggest an origin for the Fe fluorescent emission at
the A/F-type companion, HZ Her. The exceptional strength
of the line would then be consistent with the companion’s
high mass, which at 2.3 M is much larger than in other ac-
cretion disk sources. However, an origin at the accretion disk
wind is also possible, as there is evidence of gas outflowing
from HZ Her (Anderson et al. 1994; Boroson et al. 2001).
A.11.5 obs. ID. 3821-E
The BN11 fit gives a super-solar Fe abundance with large
statistical errors (the range is ∼ 1− 9.3 solar, see Table 2).
The spectrum below ∼ 5 keV is again dominated by a sec-
ond power-law continuum. The MYTORUS fit is similar to
obs. ID. 2749, requiring a large value of AS ∼ 50. How-
ever, this time the Fe Kα line appears to be resolved, with
FWHM ∼ 1500 km s−1 (see Table 4).
A.11.6 obs. ID. 3822-F
For this observation an additional Gaussian component is
included in the models to account for an emission line at ∼
6.86 keV, which is likely due to either redshifted Fe XXVI
Lyα or blueshifted Fe XXV(r).
The BN11 fit requires a sub-solar Fe abundance (0.71±0.10
solar) and the continuum below ∼ 4 keV is dominated by a
second power-law component. The MYTORUS fit requires
a significant line-of-sight column density in addition to the
Compton-thick reflector (see Table 4). The Fe Kα line ap-
pears resolved, with FWHM ∼ 1400 km s−1 (see Table 4).
A.11.7 obs. ID. 4375-G
For this observation the BN11 fit actually yields a solar Fe
abundance, meaning that the column density of the uniform,
spherical matter distribution, NH,sph, that is required to model
the continuum, correctly predicts the Fe Kα line flux. How-
ever the entire continuum in the fitted bandpass is dominated
by a second power-law continuum that is essentially unob-
scured, so the overall model is not self-consistent. The MY-
TORUS fit is able to fit the spectrum with a combination of
a direct power-law continuum and a Compton-thick reflec-
tion spectrum with a value of AS ∼ 3.4 that is not extreme.
The Fe Kα line is resolved and has a rather high FWHM of
∼ 4200+2060−1860 km s−1 (see Table 4). There appears to be a
weak excess of data above the model between the peak of the
Fe Kα line and ∼ 7 keV, which could be due to one or more
emission lines from ionized Fe. However, the statistical sig-
nificance is not high enough to warrant including additional
emission lines in the models.
A.11.8 obs. ID. 4585-H
The BN11 model fit gives a sub-solar Fe abundance (∼ 0.6
solar) and requires a very high photon index, Γsph, of the
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primary power-law continuum, reaching the maximum table
model value of 3.0 (see Table 2). Below ∼ 5 keV, the spec-
trum is dominated by the second power-law continuum so
this spherical model configuration is not self-consistent and
therefore can be rejected. The MYTORUS fit is characterized
by a dominance of a zeroth-order continuum with heavy ex-
tinction, with NH,Z = 7.9× 1023 cm−2. The reflected con-
tinuum is weaker in comparison to this. The Fe Kα line is
unresolved in this observation, with FWHM < 2675 km s−1
(see Table 4).
A.11.9 obs. ID. 6149-I
The BN11 fit is similar to that for obs. ID. 4585 in the sense
that the primary power-law photon index is very steep and
the spectrum in the entire fitted energy band is dominated by
the second power-law continuum. This spherical matter dis-
tribution configuration is therefore not self-consistent. The
Fe abundance is ∼ 1.24 solar but the model is rejected be-
cause of the dominance of an essentially unabsorbed contin-
uum. The MYTORUS fit does not have a zeroth-order atten-
uated continuum that was present in obs. ID. 4585, only the
Compton-thick reflection component is required. Also, in
this observation the Fe Kα line is resolved, with FWHM ∼
2600 km s−1.
A.11.10 obs. ID. 6150-J
The BN11 model fit gives a sub-solar Fe abundance of ∼
0.6 solar (see Table 2). The MYTORUS model fit requires
a significant line-of-sight absorption column density (NH,Z∼
5.3×1023 cm−2), in addition to the Compton-thick reflection
component (see Table 3). A second power-law continuum is
required for both fits. The Fe Kα line is unresolved, with an
upper limit on the FWHM of 2014 km s−1.
A.12 LMCX−4
LMCX−4 is another well-studied HMXB. The most recent
determination of the neutron star mass is the one by Falanga
et al. (2015), with MNS = 1.57±0.11 M (see A.1). We also
use the earlier result of van der Meer et al. (2007), 1.25±
0.11 M. These authors use high-resolution echelle optical
spectra with VLT/UVES to improve significantly on earlier
radial velocity measurements.
The 3 HETG observations of this HMXB that we study
here show large changes in continuum flux and spectral
shape, as well as significant changes in the prominence of
the Fe Kα line relative to the continuum. The signal-to-noise
ratio of obs. ID. 9571 and obs. ID. 9573 is poor but sufficient
to attempt fits with both the BN11 and MYTORUS models.
Neilsen et al. (2009) average the same 3 HETG obser-
vations. They estimate a Fe Kα line centroid of 1.941±
0.002 A˚ or 6.388± 0.007 keV and an equivalent width of
130±30 eV. For obs. IDs 9571, 9573 and 9574 T10 find Fe
Kα centroids of 1.9374±0.0054 A˚ or 6.3995±0.0178 keV,
1.9422± 0.0056 A˚ or 6.3837± 0.0184 keV and 1.9409±
0.0035 A˚ or 6.3880± 0.0115 keV, respectively. They esti-
mate corresponding EW values of 73.71± 21.95, 890.00±
267.00 and 243.03±37.74 eV.
Our fits with the BN11 model give an Fe abundance of∼ 0.5
solar for the first and third observations (obs. IDs 9571 and
9574 respectively). However, for the second observation the
Fe abundance reaches the maximum value of 10 AFe,. The
variable Fe abundance between observations rules out the
simple uniform, solar-abundance spherical model. However,
the first observation alone makes the uniform spherical model
unlikely because the continuum in the entire fitted bandpass
is dominated by the second power-law continuum, resulting
in a scenario that is not self-consistent.
The MYTORUS fits (see Table 3, Table 4, and Table 5),
reveal that the variability in the X-ray spectrum can be in-
terpreted as variability in the relative proportions of the di-
rect and reflected spectra (the latter including the Fe Kα line
emission). The observed continuum flux drops by a factor of
∼ 19 between the first 2 observations, from ∼ 9.3×10−11 to
∼ 0.48×10−11 erg cm−2 s−1. This is accompanied by the X-
ray spectrum in the second observation becoming reflection-
dominated, as evidenced by the very large EW of the Fe Kα
line and the very high value of AS. In the third observation
the continuum flux increased by a factor of ∼ 3, but still re-
mained a factor of∼ 6 below the flux in the first observation.
The spectrum is no longer reflection-dominated and has sig-
natures of continuum components that are direct, transmitted,
and reflected. Consistent with this change in spectral shape,
the EW of the Fe Kα line and the value of AS both decrease
between the second and third observations. In the first obser-
vation the Fe Kα line is unresolved, and in the third obser-
vation the line width was fixed (at FWHM = 100 km s−1) in
order to obtain a stable fit. In the second observation the Fe
Kα line was resolved with FWHM ∼ 2740 km s−1.
Recently, Shtykovsky et al. (2017) used NuSTAR data cov-
ering about half of the system’s orbital cycle to carry out to-
mography of the narrow Fe Kα line. Based on the phase shift
between the Fe Kα EW and the pulsing profile, they suggest
that the line originates on the outer edge of the accretion disk
(see also Neilsen et al. 2009), and most likely either in the
inflowing accretion stream that flows through the inner La-
grangian point and falls on the outer accretion disk edge or
in the area where the flow interacts with the outer edge of
the accretion disk (the so-called hot spot). At the same time,
LMCX−4 is known for its so-called “superorbital ” period
and variability, with the source intensity changing more than
∼ 50 times during ' 30.5 days. This is believed to be due
to a tilted and precessing accretion disk (Lang et al. 1981;
Heemskerk & van Paradijs 1989), thus obscuring the direct
X-ray continuum from the source, and favoring a high EW
measurement. As Neilsen et al. (2009) note (see also the ob-
servations dates in Table 1), in fact, observations 9573, 9574,
and 9571 are in this order and represent a transition from a
“low” to a “high” state, with 9573 then likely representing
the strongest suppressed continuum conditions. We note that
the Compton-thin MYTORUS NH,Z solution quoted is not con-
sistent with this interpretation, but it is possible that NH,Z is
actually so large that it is not detected at all in the HEG band-
pass. Such a solution is completely degenerate with respect
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to the other model parameters, as far as the HEG data are
concerned.
We note that our Fe Kα line fluxes and EW values are con-
sistent with the corresponding values obtained by T10 that
are based on simple phenomenological models. In the spec-
tral fits to obs. ID. 9571 we had to include an additional nar-
row Gaussian emission-line component to model an excess
at ∼ 6.65 keV, likely due to emission from Fe XXV.
Finally, we note that Hung et al. (2010) use Suzaku and the
Rossi X-ray Timing Explorer, and report a separate, Doppler
broadened Fe Kα line originating in the inner accretion disk.
A.13 OAO 1657−415
This HMXB is one of the few eclipsing X-ray pulsars
known, with a supergiant companion to a neutron star. The
most recent mass estimates for the neutron star compact ob-
ject are by Falanga et al. (2015) at 1.74±0.30 M (see A.1)
and Mason et al. (2012) at 1.42± 0.26 M, using refined
near-infrared radial velocity measurements of the donor star,
only detected in the infrared.
In the short exposure with obs. ID. 1947, Chakrabarty et al.
(2002) clearly detect Fe Kα line emission at 6.4 keV, and
estimate EW ∼ 111 eV. For the same observation, T10 ob-
tain a Fe Kα line centroid of 1.9366±0.0037 A˚ or 6.4021±
0.0122 keV and EW = 147.09±56.71. Otherwise, there are,
surprisingly, no results in the literature for the other observa-
tion in our sample (obs. ID 12460).
In our analysis, we fit both of the HETG observations.
The spectrum of the first observation (obs. ID 12460) has
most of the signal in the Fe Kα line, its EW being so large
that the spectrum is clearly reflection-dominated. Not sur-
prisingly, the BN11 fit to obs. ID 12460 drives the Fe abun-
dance to the maximum value of 10 AFe,, and an additional
power-law continuum is required that dominates the con-
tinuum below ∼ 4 keV. The MYTORUS fit accounts for the
reflection-dominated spectrum in terms of the direct contin-
uum being suppressed by a large line-of-sight column den-
sity, NH,Z > 7.2× 1023 cm−2 (see Table 3) and the value
AS ∼ 1.2 confirms that it is not the intrinsic continuum that
has decreased relative to the reflection spectrum. The EW of
the Fe Kα line is very large, ∼ 2 keV (see Table 4). The MY-
TORUS fit still under-predicts the Fe Kα line flux by ∼ 15%,
but the Fe abundance is fixed at the solar value in this model,
so the line flux could easily be accommodated with a modest
deviation from solar Fe abundance. Due to the low signal-
to-noise ratio of the data, the limitation of the bandpass, and
complexity of the model, the parameters ΓS, NH,S, ΓZ and
AS had to be frozen in order to obtain the constraint on NH,Z.
Note that an additional Gaussian component had to be in-
cluded for both the BN11 and MYTORUS models due to excess
line-like emission at ∼ 6.68 keV, likely due to Fe XXV(r).
Pradhan et al. (2014) interpret the strong spectral and X-
ray intensity variations of their phase-resolved Suzaku ob-
servations as evidence of a highly inhomogeneous, clumpy
stellar wind from the supergiant Ofpe/WN9-type compan-
ion, which belongs to a class characterized by exceptionally
intense stellar winds with low terminal velocities and high
mass loss rates (Martins et al. 2007; Mason et al. 2012). They
estimate clump masses of the order of ∼ 3×1024 g, and fur-
ther suggest that this object could belong to a distinct class
between Supergiant Fast X-ray Transients (SFXTs), which
are known to show irregular outbursts lasting from minutes
to hours, and “normal” HMXBs. The exceptional EW of this
observation could thus be associated to a strong suppression
of the direct continuum due to massive clumps.
In the second observation (obs. ID 1947), the Fe Kα line
is much less prominent compared to the continuum, than it
was in the first observation. The BN11 fit gives an Fe abun-
dance of ∼ 0.5 solar. The MYTORUS fit does not require the
large line-of-sight extinction that the first observation did,
and consistent with this, the EW of the Fe Kα line is only
∼ 170 eV. However, it appears that the Fe Kα line flux is
similar for the two observations (see Table 4), while the ob-
served continuum flux increases by an order of magnitude,
going from the first to second observation (see Table 5).
However, the intrinsic continuum flux decreases going from
the first to second observation, indicating the importance of
the role of variable line-of-sight extinction in these observa-
tions of OAO 1657−415. In conclusion, the uniform, solar-
abundance spherical model can be rejected on the basis of the
large variations in Fe abundance required between observa-
tions.
The Fe Kα line is unresolved in both observations, the up-
per limits on the FWHM being ∼ 1560 and ∼ 2370 km s−1
for the first and second observations, respectively.
A.14 Vela X−1
This is an archetypal eclipsing HMXB, consisting of a
pulsing neutron star and supergiant companion. There are
several estimates for the neutron star’s mass in this sys-
tem. The most recent is by Falanga et al. (2015), with
MCO = 2.12± 0.16 M (see A.1). Further, Rawls et al.
(2011) improve on earlier estimates of the X-ray eclipse du-
ration by means of an optimized numerical code for Roche
geometry, leading to a neutron star mass of 1.77±0.08 M.
We use these two results for our purposes. It is worth noting
that these are both consistent with those of Quaintrell et al.
(2003) who obtain 1.88±0.13 or 2.27±0.17M for inclina-
tions of 90 and 70.1 degrees, respectively.
In our sample there are 5 observations of Vela X−1 (see
Table 1). Using obs. ID. 102, Schulz et al. (2002) mea-
sure the centroid of the Fe Kα line to be 1.937± 0.001 A˚
or 6.401±0.003 keV, with a flux of 10.4±1.1 × 10−5 pho-
tons cm−2 s−1. It is stated by Schulz et al. (2002) that energy
shifts and broadening are negligible but no quantitative anal-
ysis is provided. Goldstein et al. (2004) use the 3 obs. IDs
1926, 1928 and 1927 to study the Fe Kα line as a function
of orbital phases 0, 0.25 and 0.5, finding velocity shifts of
210+89−87, −67+67−68 and 119+48−48 km s−1, respectively. Goldstein
et al. (2004) measure a large range in the Fe Kα line flux of
∼ 18.1± 2.6 to 374± 27 × 10−5 photons cm−2 s−1, cor-
responding to a ratio of ∼ 20.7 between the maximum and
minimum flux. They interpret the fluorescent lines as indi-
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cators of cooler clumps in the otherwise hot, photoionized
stellar wind.
For the same 3 observations and orbital phases as in Gold-
stein et al. (2004), Watanabe et al. (2006) find line centroids
of 6.3958± 0.0022, 6.3992+0.0018−0.0005 and 6.3965+0.0011−0.0012 keV,
and corresponding Gaussian widths of 7.2+3.9−5.3, 0.0
+7.4
−0.0 (value
quoted as shown in their paper) and 11.0+1.8−1.9 eV, respectively.
These widths are equivalent to FWHM values of ∼ 790,
< 820, and ∼ 1215 km s−1 for phases 0.0, 0.25, and 0.50
respectively. Watanabe et al. (2006) deduce that the fluores-
cent emission must be produced in three, or more, distinct
regions, namely the extended stellar wind, reflection off the
stellar photosphere, and in dense material partially covering,
and possibly in the accretion wake of, the neutron star. In
the above studies, Fe Kα line parameters were derived using
simple, ad hoc, phenomenological models, although Watan-
abe et al. (2006) applied, in addition, a simple clumpy wind
model. The latter was used to deduce that a column den-
sity of ∼ 1.7× 1023 cm−2 for the material producing the Fe
Kα line is consistent with the data but no constraints on the
allowed range were provided. The model provided only a
simple treatment of the Fe Kα line, and did not include the
Compton shoulder.
T10 study obs. IDs 102, 1926, 1927 and 1928 and obtain
centroids of the Fe Kα line in the range 6.3936±0.0096 keV
to 6.3992± 0.0013 keV. Using a phenomenological model
only, they measured ranges in the Fe Kα line flux and EW of
∼ 15 to 340 ×10−5 photons cm−2 s−1 and ∼ 54 to 932 eV,
respectively. Thus, the Fe Kα line flux varied by a factor of
> 22, and the EW by a factor of > 17.
In our analysis of 5 HETG observations of Vela X−1 (the
4 observations mentioned above, and obs. ID. 14654), the
BN11 fits require an Fe abundance that varies between ∼ 0.3
solar to the maximum table value of 10 AFe, (see Table 2).
Thus, the simple, uniform, solar-abundance spherical model
is ruled out. The MYTORUS fits reveal spectra with a large
dynamic range in the magnitude of the reflection spectrum
and Fe Kα line relative to the direct continuum (see Table 3),
while the observed continuum flux varies by a factor of∼ 220
(see Table 5). The Fe Kα line flux varies between ∼ 15 to
400 × 10−5 photons cm−2 s−1, and the EW varies between
∼ 57 to 927 eV (see Table 4). The Fe Kα line is unre-
solved in all of the observations, the maximum upper limit
on the FWHM being 1525 km s−1. More details for each
of the 5 observations are provided below (refer to the spec-
tral plots for Vela X−1 in Appendix B, and contour plots in
Appendix C).
We note that Martı´nez-Nu´n˜ez et al. (2014) used XMM-
Newton and different modeling to obtain an unabsorbed con-
tinuum flux in the 0.6−10 keV band in the range ∼3×10−9
to ∼4× 10−8 erg cm−2 s−1. This compares to a range of
∼9×10−12 to ∼3×10−9 erg cm−2 s−1 obtained for our ob-
servations with MYTORUS. However, their flux is over a more
extended energy range, while the XMM-Newton data include
a giant flare and no eclipse, whereas our data also include the
eclipse phase.
Two of the observations show exceptionally large EW val-
ues, and are discussed in detail below (obs. ID. 102-A and
obs. ID. 1926-C).
A.14.1 obs. ID. 102-A
The bulk of the signal in the spectrum is in the Fe Kα line,
against a relatively weak continuum. The Fe abundance in
the BN11 model is driven to the maximum value of 10 AFe,,
but still the model is unable to produce the required flux in
the Fe Kα line (see Table 2). The MYTORUS model fit is
one of the few cases in the entire XRB sample for which
the column density NH,S can be constrained, and the fit gives
2.1+0.6−0.8× 1023 cm−2 (see Table 3). A line-of-sight column
density of NH,Z ∼ 1.4× 1024 cm−2 is also required, sub-
stantially suppressing the direct continuum. The EW of the
Fe Kα line is consequently large, ∼ 530 eV, characteristic
of a reflection-dominated spectrum. This large value agrees
within the errors with the value of ∼ 630 eV obtained with
the phenomenological modeling of T10. The Vela X−1 neu-
tron star is essentially embedded in the dense stellar wind of
its B0.5Ib-type supergiant companion, leading to strong vari-
ability for this HMXB (Kreykenbohm et al. 2008). Pradhan
et al. (2014) consider this HMXB to be very similar in this re-
spect to OAO 1657−415, as a possible link between SFXTs
and standard HMXBs (see Section A.13). The interpretation
for the large EW might then be similarly involving a clumpy
stellar wind, as also modeled by Watanabe et al. (2006).
The Fe Kα line is unresolved, with FWHM < 1525 km
s−1. A second power-law continuum is required in the fits
with both of the models, and dominates the continuum at low
energies.
A.14.2 obs. ID. 14654-B
The continuum flux is substantially larger (by a factor of
∼ 60) compared to the previous observation and the Fe Kα
line does not dominate the spectrum. The BN11 fit gives a
sub-solar Fe abundance of ∼ 0.34 (see Table 2). The MY-
TORUS fit shows that the Fe Kα line flux increases by a factor
of ∼ 7 compared to the previous observation but due to the
larger increase in the continuum, the EW of the line is only
∼ 57 eV (see Table 4). Also, the line-of-sight column density
decreases by an order of magnitude to ∼ 1.6× 1023 cm−2.
The column density of the reflector, NH,S, had to be frozen at
1025 cm−2 as it could not be constrained. The Fe Kα line is
unresolved, with FWHM < 940 km s−1.
A.14.3 obs. ID. 1926-C
In this observation, the continuum has dropped back down
to ∼ 20% below the level it was in the first observation (A),
or a factor of ∼ 80 lower than in observation B. Thus, the Fe
Kα line is even more prominent than it was in observation A.
As would be expected, the BN11 fit then cannot produce suf-
ficient Fe Kα line flux even for the maximum Fe abundance
of 10 AFe, (see Table 2), and the MYTORUS fit gives a large
Fe Kα line EW of ∼ 927 eV, characteristic of a reflection-
dominated spectrum (see Table 3). This value also agrees
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with the one reported by T10. A reflection dominated spec-
trum is also corroborated by the very large value of AS of
∼ 120, but the implication is that the apparently Compton-
thin NH,Z value is not the line-of-sight column density of the
reflector, with the true value being so large that its effect can-
not be detected in the HEG bandpass. The EW discussion for
obs. ID. 102-A is also relevant here. In addition, this observa-
tion corresponds to an eclipse phase (Goldstein et al. 2004),
further suppressing the direct continuum. The Fe Kα line
flux is also reduced compared to the previous observation,
but only by a factor ∼ 5. The line-of-sight column density,
NH,Z is driven to zero, but could be so large (i.e. 1025 cm−2
or more) that it is not detectable in the HEG bandpass. Note
that the FWHM of the Fe Kα line was fixed at 100 km s−1 in
order to achieve a stable fit and error analysis.
A.14.4 obs. ID. 1927-D
In this observation the observed continuum flux has in-
creased by a factor of ∼ 147 compared to the previous ob-
servation and the spectrum is no longer reflection-dominated.
The BN11 model yields a fit with an Fe abundance that is only
∼ 10% below solar (see Table 2). The MYTORUS fit shows
that the Fe Kα line flux increases by a factor of ∼ 19 com-
pared to the previous observation. The EW of the line is now
only ∼ 122 eV (see Table 4). Also, the line-of-sight column
density is only moderately less than that in the previous ob-
servation, at ∼ 9× 1022 cm−2. The column density of the
reflector, NH,S, had to be frozen at 1025 cm−2 as it could not
be constrained. Note that the FWHM of the Fe Kα line was
fixed at 100 km s−1 in order to achieve a stable fit and error
analysis.
A.14.5 obs. ID. 1928-E
In this observation, the observed continuum flux has in-
creased by a factor of ∼ 220 compared to observation C,
which is the most reflection-dominated spectrum from the
5 observations. The BN11 fit to observation E requires an
additional soft power-law continuum, and a super-solar Fe
abundance of ∼ 3.1 in order to produce sufficient flux in the
Fe Kα line considering the small column density, NH,sph, of
∼ 1.5×1022 cm−2 (see Table 2). The MYTORUS fit accord-
ingly gives a relatively small value for the EW of the Fe Kα
line of ∼ 64 eV. The flux in the Fe Kα line is only a factor of
∼ 12 higher than it was in observation C, when the EW of the
Fe Kα line was nearly a keV. The Fe Kα line is unresolved,
with FWHM < 789 km s−1.
Appendix B
Plots of fitted spectra for individual observations
For each observation we show the counts spectra, zooming
into the region 5.8− 7.6 keV, and unfolded photon spectra
over the full fitting region. In separate panels, these spectra
are overlaid with the fitted BN11 and MYTORUS models. The
counts spectra are identified with the label “Data and Folded
Model” above the plot, and the photon spectra are identified
with the label “Unfolded Spectrum” above the plot.
In the case of photon spectra, the red line shows the to-
tal model (all components). The blue line is the BN11 model
(for spherical model fits where there are also other compo-
nents) or the direct continuum component, MYtorusZ (for
MYTORUS fits). The purple line represents the scattered con-
tinuum component, MYtorusS, for the MYTORUS model. The
second power law, when used, is shown as an orange line
both for the BN11 and the MYTORUS models. Extra emission
lines modeled by Gaussians appear in magenta.
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Figure B.1. Results for observations are presented in the order of Table 1, from left to right and top to bottom. Each row shows results for a
single observation. The two leftmost panels show BN11 model results, and the two rightmost panels MYTORUS model results. In each panel pair,
the left panel shows unfolded spectra over the full fitting region, and the right panel counts spectra in the vicinity of the Fe Kα line. Data/model
ratios are shown at the bottom of each panel. To facilitate locating specific observations, the object name is shown in the panel for the first
observation for a given object. 34
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Figure B.1. Continued.
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Figure B.1. Continued.
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Appendix C
Contour plots of FWHM vs. NH,S for Fe Kα detections.
We plot FWHM vs. NH,S contours for MYTORUS fits at join
confidence levels corresponding to 68% (black curves), 90%
(red curves), and 99% (blue curves).
44
THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES Tzanavaris & Yaqoob
Figure C.1. For each observation with a significant Fe Kα line detection we show two-parameter contours of FWHM vs. NH,S from the
MYTORUS fits. Results for observations are presented in the order of Table 1, from left to right and top to bottom. To facilitate locating specific
observations, the object name is shown in the panel for the first observation for a given object.
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Figure C.1. Continued.
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